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Abstract
Electro-optic feedback and squeezing are two well-established, but previously 
unrelated areas of research. In this thesis, the quantum behaviour of these areas 
is developed, both theoretically and experimentally. Results of careful experiments 
using electro-optic feedback loops are presented and modelled. It is found that al­
though electro-optic feedback loops can reduce the classical noise of laser systems, 
they cannot do so beyond the quantum limit, or even reach it. The sub-Poissonian 
nature of the light inside electro-optic feedback loops itself is addressed in detail, 
with the particular goal of pointing out the differences and similarities between it 
and freely propagating sub-Poissonian light. Experiments involving squeezing via 
second harmonic generation are also presented. A monolithic second harmonic gen­
erator is used to produce up to 2.5 dB of inferred squeezing, and is demonstrated 
to give reliable squeezing continuously for periods of up to 5 hours. This level of 
squeezing was achieved primarily via the implementation of a mode cleaning cavity 
placed between the laser and the second harmonic generator which reduced the laser 
noise tail to allow squeezing to be observed which was previously masked. These ex­
periments were accurately modelled using a linearised theory based on the cascaded 
formalism. This allows the output field of one device with its particular noise prop­
erties to be used as input to the next. In this manner, the output spectra that are 
calculated for the second harmonic generator contain the noise information not only 
from the second harmonic generator, but also the mode cleaner, the laser cavity, the 
dephasing of the laser medium, and finally the noise associated with the pumping 
laser diodes themselves. Excellent agreement between theory and experiment has 
been obtained. In combining these two topics, it is shown that when an electro- 
optic feedback loop is used in conjunction with a squeezed source, in our case the 
second harmonic generator, the squeezing can be electro-optically transferred from 
one beam to another. This is presented theoretically, as well as demonstrated exper­
imentally. The possibilities for transferring squeezing between the various output 
beams of a second harmonic generator are discussed.
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To th e  reader
The PhD project which I undertook was certainly mostly experimental. How­
ever, I have always wanted an understanding of the theory, but perhaps from a 
different point of view to the theorist. I have been rigorous where I have felt it nec­
essary to understand the theory rigorously, and intuitive where I thought it might 
be more useful, especially for the experimentalist who might read this thesis. To 
this end I have included chapter 2 which covers the basics of quantum optics as I 
view them, and compares the way theoreticians and experimentalists view cavity 
systems.
As the title of my thesis suggests, my PhD consists of research in a number 
of areas. Because of this, there is no main theory chapter or main experimental 
chapter covering all my work. Chapters 4 to 7 each deal with a specific area of 
research; the simple feedback loop, the laser and mode cleaner, the second harmonic 
generator, and finally, feedback applied to second harmonic generation. Each of 
these chapters contains the relevant theory, experimental descriptions, results and 
conclusions. In this manner, they form the core of my thesis. The remaining chapters 
such as introduction, conclusion and background chapters while not following this 




1.1 W hat is squeezing?
Since the 1920’s the implications of Heisenberg’s uncertainty principle regarding 
measurement have been well known; that is, one cannot measure to arbitrary accu­
racy both the position and momentum of a particle. This is because at this level of 
accuracy our act of measurement to ascertain the value of either variable disturbs 
the other in a random manner. Thus if the position and momentum of a large en­
semble of particles are measured, two distributions will be obtained, the widths of 
which when multiplied will give a product which can never be less than a specific 
value. Such pairs of variables are referred to as conjugate variables. Similarly, this 
limitation also applies to measurements of the characteristics of light for the very 
same reason. If the intensity (or photon number) and phase1 fluctuations of an opti­
cal electromagnetic field are measured, distributions are obtained which also give a 
minimum product. This is because, the energy in the field seems to exist in discrete 
packets or quanta, called photons.
The first evidence of this optical quantum phenomenon was found in 1900, 
when M. Planck saw that by postulating that light be “quantised”, a nasty dis­
agreement between experiment and theory could be completely resolved - namely 
the ultraviolet catastrophe. This led to the famous and now widely used “black body 
distribution”, or “black body curve”. In 1905, Einstein explained the photoelectric 
effect by assuming light to be composed of individual quanta. Electrons optically 
released from a cathode in a vacuum tube using a narrow-band light source, have a 
specific energy. The value of this energy depends purely on the frequency of the light 
and the amount of energy required to free the electrons (work function). It does 
not depend on the intensity of the light. This is because the light can only impart
lrrhe definition of a quantum mechanical phase is a contentious issue. [1, 2]
1
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energy to the electrons in bundles of a specific size, this size being proportional to 
the frequency of the light.
The significance and impact of this phenomenon is that the limitation to the 
accuracy of measurements in intensity or phase of an optical field results in a noise 
floor, which when first discovered, seemed unsurpassable. It is not a function of the 
detection process, and hence further refinements to photodiodes or measurement 
apparatus make no difference. This floor is known as the “quantum noise floor” 
(QNF) or “standard quantum limit” (SQL). If instead of examining the fluctuations 
or noise in the intensity and phase of an optical field, we examine the in-phase and 
out-of-phase fluctuations of the field amplitude, known as “quadratures”, then in 
general, states of light which are at the SQL exhibit equal noise in both of these 
quadratures. We can represent these states on a phasor diagram as a circle some 
distance from the origin, depicted by (i) and (ii) in Fig. 1.1. The distance from 
the origin represents the mean amplitude of the state, and the circle represents 
the uncertainty in the position of the phasor. They are called coherent states, and 
their photon statistics are Poissonian. However, it has been known for some time 
that the noise in one of the conjugate variables can be reduced at the expense of 
allowing more noise in the other. This produces a state of light, known as a squeezed 
state, [3, 4, 5] depicted by states (iii), (iv) and (vi) in Fig. 1.1. The term squeezing 
refers to the deforming of the circle into some other shape, usually an ellipse. An 
amplitude quadrature squeezed state has “sub-Poissonian” photon statistics, and 
when incident on a detector gives rise to a noise floor lower than the SQL. Hence it 
could be used to make optical measurements of small signals with better signal to 
noise ratio than otherwise possible.
The amplitude of a coherent state can be zero. This is merely the absence of 
any light, or the vacuum state, which has no photons at all. However, the amplitude 
quadratures of this state still have the noise characteristics of a coherent state, and 
it is thus still represented by a circle, (v) in Fig. 1.1, but at the origin. Notice state 
(vi) also has no amplitude, but unlike (v), it is a squeezed state. It is referred to as 
a “squeezed vacuum”. However, this term is misleading in one sense. Although the 
amplitude quadratures of the squeezed vacuum have averages of zero, the state does 
have a very small number of photons. Thus it is not, strictly speaking, a vacuum.
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Figure 1.1: Ph&sor diagram of coherent and squeezed states.
The length of the phasor represents the mean amplitude of the state. The shape at its end 
is a contour at one standard error, of the probability distribution for the possible positions 
of the phasor. For coherent states, (i) and (ii), this contour is a circle. For a squeezed 
state, it is (usually) an ellipse of the same area, (iii) is a quadrature amplitude squeezed 
state and (iv) is a quadrature phase squeezed state, (v) is a vacuum state, having the 
same noise properties as a coherent state, but no coherent amplitude, and finally (vi) is a 
squeezed vacuum, a squeezed state with no coherent amplitude.
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1.2 H ow is squeezing produced?
There are in general two ways of producing squeezed light; produce the light in a 
squeezed state to begin with, or use some sort of non-linear process to generate 
squeezed light from coherent or even noisy light.
The first method, that of making the light squeezed to begin with, includes 
the use of high quality laser diodes, driving them high above threshold and thus 
with high quantum efficiency, with a very quiet drive current. Electrons in a wire, 
can be made to flow with a sub-Poissonian statistical distribution simply by using a 
high resistance in series with a large drive voltage. In a laser diode with near unity 
quantum efficiency, such a current can be made to produce a stream of photons 
which is also sub-Poissonian, thus constituting an amplitude-squeezed output. [6] In 
theory, squeezed light can also be produced using rate-matching. [7, 8, 9] If several 
cascaded transitions in a laser system have similar decay rates, then amplitude 
squeezed output can result if the pump transition is also matched. This is because 
the continual cycling of the atomic electrons through each energy level at the same 
rate has a regularising effect, resulting in noise reduction of the light produced from 
the lasing transition.
The second method, that of using a non-linear technique to transform a coher­
ent state into a squeezed state has several possibilities. One is to use a non-linear 
process which will introduce some correlation between the fluctuations in the am­
plitude and phase of the optical field. This is a third order non-linear process. An 
example is the Kerr effect, in which the refractive index of a medium is intensity 
dependent. Consequently, a fluctuation in the intensity induces a corresponding 
one in the phase of the field. At low photon numbers this causes a skewing of the 
circle in the phasor diagram into a “tear” shape, called a Kerr state. [10] At higher 
photon numbers, this becomes an ellipse but it is neither a quadrature amplitude 
or quadrature phase squeezed state. Another possibility is to use a non-linear pro­
cess to amplify or attenuate one quadrature (and thus the fluctuations in it) with 
respect to the other. This is a second order non-linear process and is the basis for 
optical parametric oscillation, and its reverse process, second harmonic generation, 
the latter of which will be dealt with in great detail in this thesis.
The third order non-linear interactions mentioned above usually occur in atomic 
vapours or atomic beams. The incident light field is made resonant or near-resonant 
with an atomic transition of the vapour. Second order processes occur in anisotropic 
crystals, such as Lithium Niobate (LiNbOs). In this case, the incident field is not
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made resonant with any atomic transition as such, but the crystal must be held at 
certain temperatures and the light incident at certain angles to effect phase match- 
ing. [11]
1.3 Experim ental history
There have been many squeezing systems developed in theory over the last 15 years, 
but despite this, relatively few experiments have been successfully performed. This 
may be an indication of how difficult it is in practise to produce squeezed states of 
light. What follows here is a summary of the most significant experiments which 
have been performed so far.
The first experimental squeezing was achieved by Slusher et al in 1986 [12] 
and 1987 [13] using nondegenerate four-wave mixing. A continuous wave (cw) ring 
laser was used to drive an optical cavity. A beam of sodium atoms passing trans­
versely through the cavity interacted with the cavity mode, and thus quadrature 
squeezed vacuum was produced inside the cavity via the four wave mixing process. 
In 1986, 7% to 10% squeezing was observed. In 1987, this was increased to 20%. 
The best squeezing in atomic media was obtained by workers in Kimble’s group in 
1987; Raizen et al [14] and Orozco et al [15], observing 30% vacuum squeezing in 
a coupled atom-cavity system. After propagation losses and detector inefficiencies 
were accounted for, the inferred squeezing was 53%. Hope et al [16] at the ANU in 
Canberra observed bright squeezing with a noise reduction of 18% in a near-bistable 
atom-cavity system, the inferred level being 50%.
Squeezing has also been obtained using solid state media, such as second har­
monic generation (SHG) crystals and optical parametric oscillators (OPOs). The 
first of these successful experiments was done in 1987 by Wu et al [17] using a 
sub-threshold OPO. A quadrature squeezed vacuum, with greater than 60% noise 
reduction was observed. The inferred squeezing from this measurement is more than 
ten-fold, ie, greater than 90%. It was also shown that the squeezed state obtained 
was also a minimum uncertainty state.
Second harmonic generation was first seen in the laboratory by Franken et 
al in 1961. [18] The first successful second harmonic generation squeezing exper­
iment was performed by Pereira et al [19] in 1989 using a doubly resonant con­
figuration observing 12.5 % squeezing on the fundamental. Their cavity system 
consisted of a doubling crystal fabricated from magnesium oxide doped lithium nio- 
bate (MgO : LiNbOß) and external mirrors. Later Sizmann [20] et al observed 40 %
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on the fundamental for short time intervals, also in a doubly resonant system, but 
this time using a cavity system where the mirror coatings were placed directly on 
the crystal. (This is referred to as a monolithic crystal.)
Towards the middle of my post graduate studies, workers at Konstanz in Ger­
many [21] reported successful squeezing experiments using a singly resonant mono­
lithic doubler. Previously it had been thought that it was necessary to be near an 
instability point to observe squeezing. Since this is far from true in singly resonant 
systems, the possibilities had not been previously investigated. In reference [21], 
Collett demonstrated good squeezing to be possible in singly resonant systems, and 
the accompanying experiments demonstrated an observed squeezing of around 20 % 
on the second harmonic (inferred squeezing of 30 %).
In 1995 Taubman et al [22] at ANU demonstrated an observed squeezing on 
the second harmonic of 25% (inferred 40%) obtained by using a mode cleaning cav­
ity placed between the laser source and the second harmonic generator to reduce 
the leiser noise and expose regions of squeezing which had been previously masked. 
In this thesis these results are discussed as well as showing improvements, the lat­
est observed squeezing on the second harmonic being 27% (inferred squeezing of 
42%). Unlike previous experiments [21], agreement between theory and experiment 
is excellent, as models were developed which included the noise character of the 
laser. [22, 23]
In 1986 the first squeezing in an optical fiber was obtained by Shelby et al [25] 
achieving 12%. Here a fiber was cooled to below 4.2 degrees Kelvin and driven by 
a Krypton-ion laser. Forward nondegenerate four-wave mixing was used to produce 
squeezing.
Experiments have also been performed in which the light was squeezed upon 
generation. Space-charge-limited vacuum tube experiments (Frank Hertz experi­
ment) which have been seen to produce squeezing due to the natural tendency of 
electrons to repel one another and become a sub-Poissonian distribution. Highly 
efficient light emitting diodes and laser diodes driven from highly regulated current 
sources as mentioned earlier, have also been seen to produce squeezing. Examples 
include Tapster [26], 4% reduction, Rottengatter [28], 28%, and Edwards [29], 30%, 
the figures being the observed (not inferred) noise reduction in each case.
Electro-optic feedback techniques have been used to generate sub-Poissonian 
photocurrents. Experiments include Machida and Yamamoto [30] in 1986, Machida 
et al in 1987 [31] and 1988 [32] and Richardson and Shelby [33] in 1990. Perhaps 
the most notable of these is the first by Machida and Yamamoto. In this exper-
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iment, a laser diode formed part of a negative feedback loop which was used to 
reduce amplitude noise of the feedback loop photocurrent. 7 dB or 75% reduction 
in the noise power spectrum of the photocurrent was observed. While the fields 
produced by these experiments may be squeezed, they are not useful since they are 
not extractable. This topic is dealt with in detail in this thesis.
Another type of non-classical light experiment is twin photon beam production. 
This occurs in an 0 P 0  crystal, in which a single photon is down-converted to two 
photons of double the original wavelength, half the energy. The two resulting beams 
of light which may not be squeezed on an individual basis, together represent a 
non-classical state of light. This is because the photons occur in correlated pairs, 
one in each beam. Information can be obtained about the photons in one beam 
without affecting them, simply by detecting or measuring some property of the 
photons in the correlated beam. An example of such an experiment is that of 
Heidmann et al [34], who in 1987, observed a 30% noise reduction in the correlation 
between the twin beams of an OPO, compared to that of two uncorrelated Poissonian 
beams. A usable squeezed output from these systems has been generated by applying 
electro-optic feedback to twin beam generators. In this manner, one beam can be 
sacrificed on a photodetector to derive information about the amplitude fluctuations 
on the other correlated beam. This allows the noise on the second beam to be 
reduced by feeding the signal derived from the first, to an amplitude modulator 
either placed in the pump beam to the OPO (feedback) or in the second output 
beam (feedforward). [35, 36]
1.4 Feedback, and the goals of the project
In response to a theory by Milburn et al [37] in 1991, preliminary experiments were 
performed at ANU investigating the possibilities for producing squeezing by using 
cavity systems with no non-linear elements, coupled with electro-optic feedback 
loops. These experiments showed that any attempt to produce a squeezed state with 
such a system produced more noise, not less. As a consequence of these experiments, 
in 1994 Wiseman et al [38] demonstrated unequivocally that feedback systems cannot 
produce usable squeezed states (from an existing coherent field) without the help 
of non-linear media. This was referred to as the “no-go theorem”. It states that 
negative feedback will always move noise levels towards the Poissonian limit but not 
beyond it or even exactly to it, and that positive feedback will move the noise levels 
away from the Poissonian limit. This means that a state which is above the SQL
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will always be so, regardless of how much negative feedback is applied.
However, there is a potentially exciting and useful possibility of this theorem. 
If one begins with a sub-Poissonian beam, specific levels of positive feedback are 
predicted to move the noise level of the field extracted from an electro-optic feedback 
loop away from the Poissonian limit, making it even more sub-Poissonian. This 
implies that electro-optic feedback could be used to make an already squeezed output 
of a system even more squeezed, but only if there is another correlated squeezed 
output beam to use as a feedback source. This latter constraint means that this 
idea cannot be used to make a source which produces a single beam more squeezed 
than it would be without feedback. It does however, imply that squeezing can be 
transferred between two correlated squeezed beams. To demonstrate this was the 
major goal of my project.
In addition to this, there were two other goals. Firstly, a thorough under­
standing of the behaviour of electro-optic feedback systems when operating near the 
quantum limit was to be attained. Secondly, a reliable and stable squeezed source 
was to be built and modelled. At this time, our group had access to the material 
and the technology for building OPOs and second harmonic generators (SHGs). We 
chose to build an SHG as a squeezed source rather than an 0 P 0 , because SHG 
provided sufficient opportunities to test the electro-optic transfer of squeezing, and 
an 0 P 0  required the construction of an SHG as a first step. In addition, recent 
advances in the fabrication of monolithic cavity systems [24] had allowed co-workers 
overseas [21] to build SHGs which produced extremely reliable squeezing. While 
OPOs were known to develop much larger squeezing, the same reliability had not 
at that time been demonstrated.
After the SHG was operating and producing reliable squeezed light, there were 
a number of opportunities for demonstrating the electro-optic transfer of squeezing. 
Firstly, the squeezed second harmonic could be split into two beams, allowing the 
squeezing on one to be electro-optically transferred to the other. This is referred 
to in this thesis as “green-green feedback”. The amplitude modulator needed for 
the feedback loop for this process could be either placed in the pump beam before 
the SHG, or placed directly in the second harmonic beam. Secondly, the reflected 
or transmitted fundamental beam from the SHG could be used together with the 
second harmonic to form the necessary correlated squeezed pair for the electro-optic 
squeezing transfer. This is referred to in this thesis as “cross-colour feedback” and is 
more interesting than green-green feedback because it has the potential to improve 
the squeezing from existing SHGs, provided there is sufficient correlation between
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the second harmonic, and the auxiliary fundamental beams. As in the case of green- 
green feedback, cross-colour feedback could be performed with the modulator placed 
in the output beam onto which squeezing was to be transferred, or in the pump beam 
before the SHG.
1.5 Thesis structure
This thesis is divided into eight chapters. This chapter, the introduction, summarises 
the basic ideas of squeezing and its experimental history, and the motivations and 
goals of my PhD project. Chapter 2 is a basic theory chapter aimed at graduate 
experimentalists who are, as I was, searching for meaningful connections between 
theory and experiment. Most of this chapter can be skipped or only perused by the 
theoretician, or theoretically versed experimentalist. Chapter 3 is a collection of the 
experimental details. This includes descriptions of the operation of the laser and 
optical components, lists of the electronic equipment used and its characteristics, 
lists of all the components which the author has built and the operation of the 
locking systems. Each of the next four chapters is an entire treatment of one section 
of my PhD work. They include both theoretical and experimental sections. The 
subjects of these chapters are; the simple electro-optic feedback loop (chapter 4), 
the laser and mode-cleaner (chapter 5), the second harmonic generator (chapter 6) 
and finally, combining feedback and the second harmonic generator (chapter 7). In 
chapter 8 the goals of the PhD are reviewed and the results of my study are discussed 
in the light of these goals. Possibilities for further work are also presented.
Chapter 2
Theory; background, definitions 
and tools
2.1 Sum m ary and In troduction
This chapter is aimed at the graduate experimentalist, and apart from the first 
section which discusses the notation used throughout this thesis, can be skipped 
or only glossed over by people well versed in the theory of quantum optics. The 
basics of the quantisation of the electromagnetic field are covered, number, coherent 
and squeezed states are discussed, and the representations of cavity modes, coupling 
cavity systems to the external environment and finding spectra are addressed. For 
more information on these topics the reader is directed to reference [2]. In particular, 
chapters 6 and 7 of this reference give an in-depth study of stochastic methods and 
the input/output formulation of optical cavities respectively. Finally, a discussion 
on relating the coupling rates used in the equations of motion for cavity systems to 
the everyday experimental parameters such as reflectance and loss is undertaken. 
This part is necessary knowledge for the experimentalist who is just beginning to 
grapple with the theory, and comparing the two. [39]
2.2 N om enclature
In this thesis I will use certain character sets to represent various classes of quanti­
ties, and particular characters for specific reoccurring quantities. These are defined 
below. All pronumerals in this work will follow these conventions unless otherwise 
specifically stated. I will begin this list of definitions however, with those things 
which I do not do.
1. Operators are not represented by a “hat”, for example a.
10
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2. Explicit time or frequency dependence will not be shown anywhere unless it is 
absolutely necessary to avoid confusion. Most non-constants which arise will 
be time dependent, with the exception of those which have a “tilde” above 
them, for example A, which are frequency dependent.
The general definitions follow.
1. 6 is reserved specifically for “a small change in ...”
2. £ is reserved for beam splitter intensity transmission.
3. 9 is reserved for modulator amplitude transmission.
4. k is reserved for cavity coupling rates.
5. 7 is reserved for decay rates for atomic energy levels.
6. fi is reserved for non-linear loss coefficient.
7. v, f  are reserved for frequencies measured in Hertz.
8. is reserved for frequency in radians per second.
9. The first two lower case Arabic characters, a, 6, will represent the annihilation 
operators, and thus the amplitudes, of the modes of cavity systems. The 
conjugate of an operator will be denoted by a dagger, for example, a —> a \
10. The semi classical values of these modes will be represented by the correspond­
ing Greek character, and these particular Greek letters are reserved for this 
purpose. The semi-classical value of a conjugated operator is represented by 
the complex conjugate of the corresponding Greek letter, being represented by 
an asterisk.
An occasional exception to this is a, which will sometimes be used for dis­
tributed linear loss coefficient. The context will be obvious, and its definition 
will be explicitly stated.
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11. Upper case Arabic characters, for example, A , B , will represent field operators 
other than cavity modes. This includes all input and output field operators to 
cavity systems.
12. The semiclassical values of these fields will be represented by the same letter 
with a “bar” placed over the top, for example,
A —► A 
B B
13. Caligraphic script S will denote energy, and T  will denote Fourier transform.
2.3 B asic quantum  optics and squeezing
2.3.1 Electrom agnetic fields, the simple harmonic oscillator 
and Fock states
We shall begin our discussion of the theory with a version of the classical electro­
magnetic field as a function of position r and time t.
E (r ,t)  = -  a> K r ) ^ ‘1 t2-1)
where Uj(r) contains polarisation and spatial phase information.
In this expression, aj and a*■ are complex numbers. To quantise the field, we 
transform them to mutually adjoint operators. These obey the boson commutation 
relations, [a,-, a*] = 0, [a},a£] = 0 and [aj,a[] = 6jk-
The energy in the electromagnetic field is given by the Hamiltonian
H = i  J(e„E2 + m<)H 2) dt 
which can be shown to simplify to
H = h(x>k{a\ak + i )  (2.2)
k 1
This is the familiar Hamiltonian of a simple harmonic oscillator (SHO). In fact 
it is an ensemble of SHOs. That is, the electromagnetic field can be considered to 
be an ensemble of modes, each represented by an SHO.
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Let us now consider a single mode, and revise the basics of the SHO. The 
Eigenstates of the SHO are the “Fock” or “number” states |n). The number operator 
is N  = a^a, and thus
N\n) = n\n)
Note that the number states form a complete orthonormal set. Thus any state 
can be expanded uniquely in terms of the number states.
(n\m) = 6nm
J2 l n ) ( n l  = 1  ( 2 - 3 )
n=0
The operators a and a* are the annihilation and creation operators for the 
mode respectively. Their commutator is one of the most important in quantum 
mechanics as it is often gives rise to the differences between quantum and classical 
expressions.
[a, a*] = 1 (2.4)
These operators add and subtract a single photon from the mode thus:
a\n) = y/n \n — 1) 
a*|n) = \/n  -f 1 |n + 1)
Note that the annihilation operator applied to the ground state gives zero.
a|0) = 0 (2.5)
The Hamiltonian is
H — hu>(a^ a -f - )
=  f (^N + \)
The Hamiltonian is also the energy operator, thus
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H\n) = £„\n)
= ftw(n + -)|n>
The most important thing to notice about this is that the ground state energy 
is not zero.
So =  - h u )  
z
This is one of the hall-marks of quantum mechanics and in fact allows the 
existence of the subject matter for this thesis itself. The ground state energy of 
a quantum mechanical electromagnetic field is non-zero. Thus the vacuum has 
energy. In fact, oddly enough, because there is no upper limit to the frequency 
of the modes, Eqn. (2.2) shows it has infinite energy! However, since no practical 
experiment has ever been able to measure absolute energy, but rather only changes 
in energy, there is no problem. Even though the average field of this state is indeed 
zero, the fluctuations in it are definitely non-zero. Hence the vacuum state incident 
on a beam splitter mixes its own fluctuations in with those of the other fields, causing 
observable effects in photocurrents and spectra.
2.3.2 Coherent states
Coherent states are important because they are the closest thing theory has to a 
laser output when the laser is stabilised and driven well above threshold. Here we 
will examine the character of these states, and later in section 2.3.4, their closely 
related cousins, the squeezed states. We begin our discussion with the ground state 
|0) because although presented above as a number state with n = 0, it is unique in 
that it can also be thought of as the lowest level coherent state, the closest thing 
theory has to “nothing”.
We have seen that although the electric field for the vacuum state has an aver­
age of zero, the fluctuations were non-zero. This can be thought of as a probability 
distribution centered around the origin of the complex plane as represented by the 
state in Fig. 2.1. The density of dots shown represents the probability distribution 
for finding the value of the electric field. At any one time the electric field vector can 
have any amplitude at all, but with a Gaussian probability distribution centered at 
the origin, and decreasing quickly as the possible magnitude of the vector increases.
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Figure 2.1: Probability distribution for the vacuum state.
The vacuum state has no amplitude. However, at any one time the electric field phasor 
can have any value at all in the complex plane, but with a Gaussian distribution centered 
at the origin. The density of dots shown represents this distribution. This can also be 
represented by a contour at one standard error, in this case, a circle. For a coherent state 
or vacuum state, this circle has a radius of unity on the phasor diagram.
This representation is simplified by using a circle centered on the origin. This circle 
is a contour of one standard error for the probability distribution.
The easiest way to think of a coherent state is as a shifted vacuum state. That 
is, shift the circle to some point a distance a  away from the origin. This has now 
given the electromagnetic field some complex amplitude a. This is achieved in theory 
using the “unitary displacement operator” defined below. (For more discussion on 
the nature of the displacement operator see references [2, 40, 41].) This operator 
moves a state in phase space without changing any other attributes.
D(a) = e“ '- “' “
Thus for the purpose of this thesis, we can define the coherent state |a) as the 
displacement operator D(a) acting on the vacuum state as written below.1
|a) = D(a)|0) (2.6)
We now briefly investigate the properties of the displacement operator. Using 
Eqn. (2.4) and the Baker-HausdorfF relation
1 There are many ways of introducing coherent states. We have chosen this method for its 
intuitive simplicity.
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e (A+B) _  e A e B e -[A,B]/2
we have tha t
D(a) =  e-l<*l, / Je“0,e"“‘a 
£>*(<*) =  e|a|,/2e“‘*e~“ '
Thus
D (a )D \a )  = eaate -a*°ea*ae -aat 
=  eaate_aat 
=  1
Therefore we have tha t
(2.7)
D ~ \ a )  = £>*(<*)
which proves tha t D(a) is unitary. Similar calculations give
( 2.8)
D ^ a )  =  D (-a )
D \a)aD(a)  =  a +  a  
D' (a )a 'D (a )  =  a* +  a"
We discover something else about the coherent states if we look more closely 
at the action of the displacement operator, namely, their expansion in terms of the 
number states.
But
I>(o)|0) =  e-W’/*e“ V «'*|0)
e -“’a |0> 1 — a* a H——  a2 +  • . . 10}
|0) since a|0) =  0
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So
D(a)|0) =
Thus I a) =
Hence the probability distribution of photons in a coherent state is Poissonian, 
the most random distribution.
I |2 n  - | a | 3
P(n) = |(» |a )|2 = -----  (2.9)
n!
An interesting question is “What happens when we apply the annihilation 
operator to the coherent state?” We can use the displacement operator to find out.
D^ajala) = Dt(a)aD(a)|0)
= (a + a)|0)
=  a|0) since a|0) = 0
Therefore
e - | a | 3/ 2 e aat |Q ^
e-M’/’ f ;  ^ ^ | 0 )  
n!
-|c|3/2
£ 4 = tI">




D(a)D*(a)a\a) =  D{a)a |0)
a|a) = a |a ) (2.10)
Therefore, the annihilation operator doesn’t seem to do any annihilating to 
the coherent states at all! They are Eigenstates of it.2




= |a |2 since coherent states are normalised
2 We could have begun our discussion of the coherent states from this point, asking “What are 
the Eigenstates of the annihilation operator?” Then we would have derived the expansion of the 
coherent states from this, thus in turn defining the action of the displacement operator as yielding
a coherent state. The two treatments are equivalent.
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The next logical step is to consider whether this state is a minimum uncertainty 
state or not, and introduce the idea of phase, however, before we do that, we must 
consider one of the most important things in quantum mechanics; the Uncertainty 
Principle.
2.3.3 The uncertainty principle, minimum uncertainty states  
and quadratures
No thesis on quantum mechanics would be complete without at least mentioning the 
uncertainty principle - something when first encountered by the physics student, 
seems to be a ridiculous contradiction in terms! Along with the infinite vacuum 
energy discussed in the previous section, this is something which, in my opinion, 
will always give the subject of quantum mechanics the taste of surrealism.
The expectation values of certain pairs of observable variables can not be 
simultaneously known to infinite accuracy. These pairs are known as conjugate 
variables. The classic examples are the position and momentum of a particle, x and 
p. The uncertainty relationship for these two operators is
We can derive a similar relation for the equivalent variables for our SHO in 
section 2.3.1, canonical position and momentum, q and p.
The variance and standard error of an observable A over a state t/j, V{A)^ and 
8A+ respectively, are defined by
8x6p > — (2.11)
(2. 12)
v(A), =  m i
= (A2U - ( A ) l
where (A)+ =  (y>|A|V>).
In evaluating the standard error of q and p over the number states we find that
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{ q ) n  =  (p ) n  =  0
(q2)n =  ^ - ( 2 w  +  i )
(P2)n =  Y  (2-13)
Therefore,
(^)n(Mn = \^/2n + 1
k= — when n = 0
2
h
> — when n > 0 (2-14)
Since the number states are a complete set and hence all other states can be 
written in terms of them, we can say that for all states, the canonical variables q 
and p obey the uncertainty relation
SqSp > ^  (2.15)
Let us now consider what this is for a coherent state. In evaluating the standard
error of q and p over a coherent state we find that
(«)« = (q + <*“)
(p)« = * y Y ^ a _ a *^
(q%  = ±  (a1 +  2|a|* + a*2 + 1)
(P% = y ( ° 2 ~  2 H 2 +  a*2 -  1) (2.16)
Therefore,
(Ä9)„(«P)„ =  I
Thus for coherent states, the product of the standard errors for the canonical 
conjugate variables is exactly the minimum value. Hence they are an example of 
“minimum uncertainty” states. They are in fact, a special case of an infinitely larger 
class of states, called minimum uncertainty squeezed states.
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Better variables than q and p to work with for deriving spectra, analysing 
squeezing and comparing theory and experiment are the quadrature amplitudes X  
and Y.
Transforming to a quadrature notation means treating the real and imagi­
nary parts of the field amplitude separately. Hence we rewrite the annihilation and 
creation operators as3
a =  +  »*".)
at = 1 ( A .- .T . )
Adding and subtracting these two gives
X a = a + a)
iYa = a — at (2-17)
In general in this thesis, quadratures as defined in Eqn. (2.17), will take on the 
name and any subscripts of the operator for which it is the quadrature amplitude, 
as subscripts. For example,
X a — a -1- a*
X axti =  A i n  ” 1“
iYa = a — a1
iYAin ~~ Ain Ain
etc (2.18)
The quadrature operators X  and Y  represent the real and imaginary parts of 
the complex field amplitude respectively, and are the axis labels for Fig. 2.1. Like q 
and p they are Hermitian and thus relate directly to observables. Note the similarity 
in the form of the two sets of variables. (Compare Eqns. (2.12) and (2.17).) The 
only differences are constants. Therefore a similar calculation to Eqn. (2.16) gives 
the standard errors in the two quadratures for a coherent state to be
(**.)« = (SYa)a = 1 (2.19)
sThe quadratures are often defined without the factor of Both definitions are equivalent, but 
this one was chosen because the resulting definitions, which we shall use routinely, are somewhat 
simpler. Also, the uncertainty relations involve the number 1, rather than halves and quarters.
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Hence the product is of course the minimum value
(6Xa)a(6Ya)a = 1 (2.20)
The fact that the two quadratures have the same standard error means that for 
a coherent state, both quadrature amplitude uncertainties are the same. This simply 
means that on a phasor diagram such as Fig. 2.1, the error region is represented by 
a circle, but for a coherent state, at the end of a line whose length represents the 
amplitude of the state. With all the tools we have now gathered, it is easy to see what 
a squeezed state is. A state is squeezed if the standard errors in the two quadratures 
are different, and one of them is below the SQL. (There are possibilities other than 
these two quadratures, see next section.) If this state has a non-zero amplitude 
which lies on the real axis of the phasor diagram for example, this means that either 
the phase is more certain or the amplitude is more certain. If the product of the 
two is still 1, then it is a minimum uncertainty squeezed state. Before discussing 
squeezed states, I would like to mention an experimental aside.
Above, I state that squeezed states are an infinitely bigger class of states in 
theory than the coherent states. Note that although this implies that one might 
literally be falling over squeezed states in the laboratory because they are more 
prolific than coherent states, it’s just not true. Squeezed states are not easy to 
produce in reality as the experimental parts of my thesis testify. The reason for 
this is not that the necessary mechanisms to produce them are rare, rather it is 
related to something that was stated much earlier about the vacuum field. I t’s 
fluctuations are non-zero. Moreover, they are larger than the reduced fluctuations 
of the squeezed state. Anywhere where the vacuum field enters in an experimental 
squeezing system, beam splitters, losses inside squeezing generators, losses in lenses 
and steering optics, losses in detectors, the mixing of the quadrature uncertainties 
of the vacuum state washes out the imbalance between the quadrature uncertainties 
produced by the squeezer, and thus the squeezing. As an example, squeezing of 80% 
will be reduced to 40% by mixing equal amounts of squeezed light and vacuum field, 
ie a 50/50 beam splitter! This represents a drop on the detecting instrument from 
7dB to 2.2dB squeezing. In an unscrupulously designed experiment, there could be 
many 50/50 beam splitters!
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Figure 2.2: Phasor diagrams comparing squeezed states and various other states.
(a) Squeezed states by definition are non-classical. The probability distribution along 
some axis must be narrower than that of the corresponding coherent state. This is clearly 
true is cases (i) and (iii), although the latter is not a minimum uncertainty state. (Other 
states have been added for comparison.) However, state (ii) although still represented by 
an ellipse, is purely classical because the ellipse is always broader than the circle of the 
coherent state. It could be regarded as “classical squeezing” in some sense.
(b) Various types of squeezing are shown here, (i) is a quadrature amplitude squeezed 
state, (ii) is a quadrature phase squeezed state and (iii) is a quadrature squeezed state 
which falls neither into the category of amplitude or phase.
2.3.4 Squeezed states
The idea of squeezed states was introduced in the last section, a state for which the 
standard errors in the two quadratures are different. An example of a squeezed state 
is given at (i) in Fig. 2.2a. In particular, for a state to be referred to as squeezed, 
one of these standard errors must be less than one. Even though a state where this 
is untrue, (ii), may still be considered “squeezed” in a classical sense by the fact that 
its distribution leads to an ellipse on the quadrature diagram, the term squeezing is 
usually reserved for the former, because it is non-classical, something which cannot 
be described without the concepts of quantum mechanics. States (ii) and (iii) are 
not minimum uncertainty states. However, unlike (ii), (iii) is non-classical and thus 
squeezed, as its ellipse is narrower than the circle of the coherent state.
Because we are discussing the quadratures and defining the squeezing accord­
ingly, we refer to this type of squeezing as “quadrature squeezing”. Fig. 2.2b shows 
various examples of this including quadrature amplitude and quadrature phase 
squeezing at (i) and (ii). State (iii) demonstrates that the axes of the ellipse in
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the quadrature diagram can be at an arbitrary angle to the complex amplitude vec­
tor of the state. This means that the squeezing may not be in either the amplitude 
or the phase quadratures. In addition, it can also be at an angle <f> to the reed axis 
of the phasor diagram. Thus squeezing may not be aptly described by the variables 
X a and Ya as they have been defined in the previous section. We need to produce a 
more general squeezed state representation, with the quadratures X'a and Ya'. This 
is done below.
The unitary squeeze operator is defined as
S(a)  =  exp(-cr*a2 — - vgl*2) where 
z z
a  =  re2i4>
The properties of the squeeze operator are
5 t(cr) =  S~1(a) =  S ( —a)
S\(r)aS((r)  =  a cosh(r) — a^e-2*^  sinh(r)
5 +(<r)at5(ör) =  a* cosh(r) — ae2x<t> sinh(r)
S V ) ( * :  +  iY^S(<r) =  X'ae~r + i Y y  where
X'a +  iY; =  (X . +  » y .)e -*  (2.21)
We create the squeezed state from the vacuum state in the following manner.
I a, a) =  D(a)S(cr) |0) (2.22)
The standard errors in the new quadratures are
SX'a =  e~r
6Y' =  er (2.23)
These are the minor and major radii of the ellipse in the complex plane, d and 
D respectively. Note that the area of the ellipse *dD — ?re~rer =  x is independent 
of the amount of squeezing.
What does the annihilation operator a do to a squeezed state? 
a\a,a)  =  aZ>(a)5(cr)|0)
5 t(or)Z)t(a)a|a,(r) =  { S \ a ) a S ( a )  +  5 t(<r)a5(<r))|0)
=  (acosh(r) — a^e~2t<t> sinh(r))|0) -f a|0)
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Figure 2.3: Transition from coherent state to number state.
The coherent state is one of m in im u m  uncertainty, and has equal uncertainty in both its 
quadrature amplitudes. A number or Fock state on the other hand, while still a minimum 
uncertainty state, has a completely random phase, and definite photon number. On the 
phasor diagram, a Fock state is an annulus of radius y/n and width 1/(2y/n). Some 
possible intermediate or “banana” states are also shown here.
Thus
a|a,<r) = a|a,<r) — e 2i* sinh(r)D(a)5(<r)|l) (2.24)
Thus the squeezed states are not exact Eigenstates of the annihilation operator, 
nor are their Eigenvalues exactly the amplitude of the original coherent state, but 
they are close provided that a r. This is important, as it could give a hint for 
why the linearisation models used later could break down for very large squeezing.
From this it is easy to see that the average number of photons in a squeezed 
mode is
n = (TV) = |a |2 -I- sinh*(r) (2.25)
This is slightly more than a coherent state of the same amplitude. This is 
not very surprising, but note that it also applies to the vacuum state. A squeeze 
operator applied alone to a vacuum state gives an average occupation number of 
sinh3(r) ! In other words, the squeezed vacuum is not empty, not a minimum energy 
state, indeed not a vacuum at all.
Another form of squeezing is apparent in the states we introduced when dis­
cussing the SHO in section 2.3.1, the Fock or number states. These are different to
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the quadrature squeezed states which we discussed above, in that they appear on 
the complex plane as an annulus of radius y/n and width 1/(2y/n) (to preserve area) 
centered on the origin. They have a definite number of photons (n) and a totally 
random phase. There are a whole range of states that exist between the Fock state 
In), and the coherent state of average photon number n = n. This transition is 
shown in Fig. 2.3. For small amounts of squeezing, they approximate amplitude 
quadrature squeezing.
These states are often discussed using the term “sub-Poissonian”, implying 
that the photon number distribution is narrower than Poissonian, the latter being 
that of a coherent state. In order to examine this, let us take the variance of the 
photon number.
V(n ) = ((a*a)2) — (a*a)2
Evaluated over a coherent state |a), this gives
(2.26)
Thus
V(n)a (|a|< + |a|’) - ( M 2)J
n (2.27)
(6n)a = y/n (2.28)
Thus the variance for a coherent state is just the mean photon number, or, the 
standard error is the square root of the mean photon number.
Let us try this for the Fock state.
F(n)n = (n2 — n + n) -  (n)2
= 0 (2.29)
Thus the photon number distribution for the Fock state has no width. For 
interest, let us examine the photon number variance of the squeezed vacuum state
V{n )(o,<r) = ti(1 + cosh(2r))
= sinh2(r)(l -f cosh(2r)) from (Eqn. 2.25)
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Hence we can see that the photon statistics for a squeezed vacuum state are 
always super-Poissonian.4
A useful way of looking at the variance of a field is via the fano factor
V(n) 
n
It is useful because it is a measure of the type of state which is independent 
of its intensity.
/  =  0 for a Fock state 
/  < 1 for a sub-Poissonian state 
/  = 1 for a coherent state 
/  > 1 for a super-Poissonian state
Note that the fano factor is undefined for a vacuum state, but interestingly, it 
is defined and greater than 1 for a squeezed vacuum.
2.3.5 Intensity squeezing vs quadrature squeezing
The terms “number” or “intensity” squeezing are used to represent the squeezing 
process which eventually turns a coherent state into a Fock state, ie bends the circle 
into a banana which eventually joins up on the opposite side of the phase diagram 
to become an annulus as shown in Fig. 2.3, and discussed in section 2.3.4. It is this 
kind of state to which the term “sub-Poissonian” is applied, and fano factors and 
photon number variances as defined earlier are used.
Amplitude quadrature squeezing means deforming the circle into an ellipse 
with the minor axis coincident with the amplitude vector. This is also called “in- 
phase quadrature squeezing”, ie the fluctuations in-phase with electromagnetic field 
are being reduced, and those out-of-phase, or “in-quadrature”, are being increased. 
Phase quadrature squeezing means deforming the circle in the opposite manner to 
the above, and is thus “out-of-phase squeezing”. These two types of squeezing were 
shown in Fig. 2.2b, in section 2.3.4. In this thesis, these are referred to respectively 
as “quadrature amplitude” and “quadrature phase” squeezing. Note that any other 
orientation of the ellipse is possible, such as occurs in Kerr states mentioned in 
chapter 1.
Despite the different terminology, for small amounts of squeezing, intensity
4Note that the photons in a squeezed vacuum are too few to be detected by a photodiode.
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and amplitude squeezing are approximately the same thing. The reduced amplitude 
quadrature variance gives rise to lower photon number variance and thus a sub- 
Poissonian field. However, for large amounts of amplitude quadrature squeezing, 
the intensity again becomes noisy, even super-Poissonian. Conversely, as number 
squeezing progresses, it is clear that the amplitude quadrature variance first de­
creases, but then increases again, to the final point of becoming a Fock state, perfect 
number squeezing, having extremely large variances in both quadratures, 2n + 1.
2.3.6 Representation of m odes, and linearisation
Before we can treat a real cavity in the laboratory and derive spectra and squeezing 
behaviour, we need a few more tools.
It is normal to use the annihilation operator a to represent a cavity mode. 
Examining Eqn. (2.1) we see that it is proportional to the electromagnetic field. Also, 
in section 2.3.2 when we applied the annihilation operator to coherent states, we 
found that they were Eigenstates, giving the complex amplitude a as the Eigenvalue. 
Looking at this, it makes perfect sense for such a representation, although we soon 
forget the term “annihilation operator a” and just think of it as “mode a”.
The equation of motion or Langevin equation for a cavity mode will be a 
first order differential equation, describing the rate of change of this mode. See 
Eqn. (2.34) as an example. While it is not obvious what the rate of change of an 
annihilation operator really means, it suffices to know that the expectation value of 
this operator appearing in this equation gives the (generally complex) average field 
amplitude of the mode concerned.
We can now understand why linearising such an operator makes sense. The 
cavity mode is linearised by writing the annihilation operator as a sum of the co­
herent amplitude of the state, or its semi-classical value, and a small fluctuation 
operator thus,
a = a + 6a (2.31)
Two sets of equations for a quantum mechanical system are derived by lin­
earising in this way. The entirely semi-classical terms are separated to give the 
semi-classical equations of motion. The first order terms which remain give the 
small fluctuation equations, all terms of second order or higher usually being ig­
nored. From here, the latter are converted to quadrature form using
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6Xa = 8a + 8a*
8Xxin — 8 Ain + 8A\n
i8Ya = 8a — 8a^
iSYjun =  8Ain -  8 A l
etc (2.32)
giving the fluctuations of the amplitude and phase quadratures in time. Fourier 
transforming these gives the equivalent fluctuations in frequency space, and then the 
noise spectra are readily found.
2.3.7 Taking the Fourier transform
When the Fourier transform of an equation is taken, the time dependent quantities, 
for example 6X  = £X(t), will be replaced with their Fourier transforms, denoted by 
a “tilde” and defined thus
6X  =  6X{v)
=  *•(«(*))
fO O
= /  SX(t) e"“‘dt (2.33)
J —oo
The Fourier transform obeys the normal rules for derivatives and convolution.
■F(/(O®0(O) = K“)9(u)
2.3.8 Deriving spectra
In this thesis, the spectrum of the time dependent fluctuations of a quantity is found 
in the following manner. As an example, consider the following differential equation 
for time dependent amplitude fluctuations.
8X = —a8X + b8X'
where a and b are real. Taking the Fourier transform gives
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The noise power spectrum can be found from by taking the self correlations
V = (SXySX1)
b*(SX
a 2 - f a ;2 
b2V' 
a2 +  a;2
It is assumed here that X' is an input field amplitude (or phase) quadrature 
operator, and thus its self correlation yields the amplitude (or phase) spectrum of 
the corresponding input field. Thus for input (and output) fields we write
{6Xj t SXl) =  ^
If however, X' is a complex function of other operators, then its self correlation 
yields the absolute square of this function, which itself would contain the spectra of 
these operators. If on the other hand, X' is the vacuum field, then V  =  1.
It is assumed that different field fluctuations are independent, or else they 
could have been expanded in terms of independent fields. The cross terms between 
independent fields are zero.
(SXi,SXl) =  0 , j ± k
Although only a trivial example, it shows that the output spectrum of a device 
is a function of the input spectra, whether they be derived from a laser system or 
just the vacuum, and the dynamics of the device. For more rigorous definitions of 
spectra see reference [42].
2.4 Sim ple C avity S ystem s
2.4.1 The equations of motion, input and output
In section 2.3.6 we discussed the basic idea of an equation of motion for a cavity 
system, the idea of a mode and its representation by the annihilation operator. We
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know how to find the fluctuations of the cavity mode in time and frequency space, 
and find a spectrum. However, no one ever “sees” a cavity mode, or detects it.5 6 To 
continue, we must know how to couple in and out of the cavity.
We begin again with the equation of motion. This is a rate equation, describ­
ing the damping of the cavity mode and the input to this mode from the external 
environment. In order to describe these effects, whether the rate equations be semi- 
classical or fully quantum in nature, we require the various coupling or loss rates to 
the inputs and outputs of the external environment. Let us choose a simple single 
ended cavity equation as an example. A single ended cavity is one with a perfect 
mirror and a coupling mirror. Let this particular single ended cavity have no loss 
mechanisms other than the coupling mirror. Its equation of motion is
ä = —na + \/2k Ain (2.34)
Here a is the cavity mode annihilation operator and A{n is the field incident 
on the coupling mirror. The coupling constant for the mirror, and thus the whole 
cavity in this case, to the environment, is k .
There are a number of questions which could concern the uninitiated at this 
stage. Firstly, what is ac,  secondly, if a is the annihilation operator of the cavity mode 
and A ^  is the amplitude of the incident field, how are they related, and thirdly, why 
are the constants preceding a and Ain different?
We begin with k . It is inserted into the equation of motion as the linear 
decay constant of the amplitude. Thus in time, in the absence of input fields, the 
amplitude would go like e~Kt where t is the time in seconds. Hence k has the units 
of angular frequency. We can gain even more insight by reconsidering the equation 
in terms of photon number. Using Eqn. (2.34) and its conjugate equation, we find 
that
N  = a^ä + ä^a
= —2kN  + V2k (a*Ajn 4- A\na) (2.35)
Assuming a coherent state or a squeezed state (provided a  r), taking the 
expectation value of the above gives an equation in average photon number
n = — 2/cn + \/2/c (a*A;n + A?na) (2.36)
5That is, with the exception of intra-cavity quantum non-demolition (QND) measurements. [43,
44, 45, 46]
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Thus the decay rate of the photon number in the cavity is 2k . Hence 2k is the 
coupling rate in photons per second out of the cavity.
Since the number of photons in the cavity is proportional to the energy in the 
cavity, 2k is the energy coupling rate, and we can write that in the absence of input 
fields, the energy goes as
S = Eoe~2Kt (2.37)
In addition, 2k is also the natural linewidth of the cavity system, in angular 
units. This is seen by comparing the denominators of equations such as Eqns. (5.17) 
and (5.18) in section 5.2.2 to that of a standard Lorentzian profile. [47]
This brings us to the second question, what is the relationship between the 
external fields and the cavity mode? Examining Eqn. (2.34), we see that since a 
is unitless (it is a quantised complex number), Ain must have units of s~1^ 2. It 
seems odd that they are different at first. However, there is something about the 
mode a which we haven’t considered yet. Since its expectation value is the complex 
amplitude a, and since |a |2 is the mean photon number, then this value must change 
with the size of the cavity; a bigger cavity, can hold more photons for the same 
input field. Thus, the relationship between a and Ain must change as the cavity 
size changes. This occurs through the different powers of k preceding the operators. 
(We shall see in section 2.4.2 that k is a function of the cavity length.)
In actual fact, A{n is what is termed an “input operator”. It is the Fourier 
transform of the annihilation operator for a multi-mode external field. [48] Note that 
A\nAin has units of s~l . It is thus useful to view this quantity as the intensity of the 
input field in photons per second. Hence the constant in front of Ajn, is the square 
root of the photon per second coupling rate, 2k .
Another question; in Eqn. (2.35), why is the input term in the form that it 
is, rather than A]nAin1 The reason is, that the latter doesn’t allow for interference 
between the input field and the cavity mode, where as the former does.
The cavity mode is coupled to the output field in a similar way to that which 
the input field is to the cavity mode, except that the fields which are already present 
outside the cavity system must be accounted for. Even if there is no average field 
incident on an output coupling mirror, the vacuum fluctuations incident on it must 
still be considered. For the simple cavity above, this output equation, or boundary 
condition is
Are/i = V2k a - r A in (2.38)
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where Arefi is the reflected field, and r is the amplitude reflection coefficient 
of the front mirror. Since r is the square root of the reflectance R , it is normally 
close to unity for even only moderately good cavities. For example, for the mode 
cleaner, Rin = 0.98, so r\n = 0.99. Thus for us it is a good approximation to assume 
that r  =  1. It is also desirable, because it allows us to write equations only in terms 
of input/output operators, modes, and loss rates in photons per second. Hence we 
rewrite the above equation as
Arefi = CL — Ain (2.39)
If we pre-multiply Eqn. (2.39) by its conjugate equation we get
Al*fiArefi = 2/cata + A\nAin -  V2k (ajAin + A]na)
Taking the expectation value as before,
\Ärefi\2 = 2/cn + |Ä^ n|2 -  c (a*Äin +  Ä*na) (2.40)
we see that the reflected intensity in photons per second consists of the leakage 
from the cavity in photons per second times the mean number of cavity photons, 
plus the reflected input field intensity in photons per second, but then, minus the 
interference terms, which is where all the interesting physics is.
Having explained what the coupling rates in the equations of motion mean and 
how the cavity mode is coupled to the external fields, it now remains to relate them 
to real parameters that are used in designing and building optical cavity systems in 
the laboratory. These two things provide valuable insight into the physics of cavity 
systems for the experimentalist.
2.4.2 Relating the coupling rates to experim ental parame­
ters
The normal method of expressing the reflected and transmitted powers, circulating 
power, finesse and linewidth of a cavity system, directly involves reflectances, trans- 
mittances and losses, rather than loss rates. Some of these equations are shown below 
for the case of no cavity detuning. They are derived by imposing self-consistency 
on the electric field amplitude inside the cavity after one round trip. [49] As such, 
this model is exact, and shall be referred to from here on as the “exact model”.
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P in
P r e f l
P in
TjnTout_____ 9
y/R^R t^ (1 - g ) 2 
1 ( R i n  - 9 \ 2 
R i n \  I "  9 )
(2.41)
where
Pin =  the input power,
P out =  the output power,
Prefi =  the reflected power,
T^ — input mirror power transmittance,
Tout — output mirror power transmittance,
Rin =  input mirror power reflectance,
Rout =  output mirror power reflectance,
9  =  \ J  R in  R o u t (1 — L )
L =  the round trip power loss from the cavity, not including
that in the mirror coatings or substrates.6 (2-42)
Let us now derive the equivalent equations using the coupling rates considered 
in the previous section. Consider for this purpose, the mode cleaner equation in 
Eqn. (5.10). First we require the semi classical version, which is
a. =  —KOL +  \/2Kml Ain +  \/2/Cm2 A a u x  +  V % Ai (2.43)
To find the steady-state condition we enforce at =  0. This gives
OL — (\/2/Cmi A in  4“ \/2/Cm2 A a u x  "I- V^ 2K>1 A [)
=  — %/2/cmi Ain, since we assume that
K
AaUx =  At =  0 (2.44)
Using a semiclassical version of the boundary conditions Eqn. (5.13) we obtain
6It is not correct to include the coating and substrate losses here because they have already 
been accounted for by the independent specification of the transmissions and reflectances above.
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Aout =  \Z2/cm2 a
A ref l  —  \ / 2 ^ m l  Ot A { n 
~  ^ m l  A , n A { nK




P in  \
(2.46)
Eqns. (2.41) and (2.46) do appear similar in form, although the latter appear 
more simple. This is because they are not exact for all cases as we shall soon see. 
We shall now derive the connection between the k/ s and the reflectances etc directly 
from first principles.
Consider again the single ended cavity of Eqn. (2.34) filled with a medium of 
refractive index n, and intensity reflectance R  of the coupling mirror. Each time a 
photon hits the coupling mirror of the cavity, the probability of it being returned 
into the cavity is R , the probability that it will be lost from the cavity is 1 — R. If 
we now consider this loss to be evenly distributed throughout the whole cavity and 
let a be the relative energy loss per unit length, then after travelling a length l, the 
energy stored in the cavity would be
£  =  foe"*“
In particular, after one round trip p,
e  =  £ 0e -pa =  RSo
Thus,
But
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n
where c is the speed of light in a vacuum, t is the time in seconds and n is the 
refractive index of the medium. Using this and Eqn. (2.37), we have that
k  = ln (R)
So, in general for a cavity system of 2 mirrors Ri and R2 and a round trip 
intensity loss of L, we see that
k = - -^ - ln (Ä ,Ä 2(l -X ) )
Znp
= ——— (ln(Äi) -f ln(Ä2) + ln(l — L))Znp
=  * 1  +  « 2  +
Hence, the j th coupling rate is defined as
~  H R j )  (2-47)
where Rl can be thought of as 1 — L.
In the high finesse limit where Rj —► 1, and L —► 0, we can expand the 
logarithm and write
Kj ~ c(l -  Rj) (2.48)
For the mode cleaner, where R\ ~ R2 — 0.98 and L ~  0.003, this approxima­
tion is acceptable.
We could also write that Tj =  1 — Rj,  thus
cT,__ _
2 np
However here we must be careful whether we use R or T  to define the coupling 
rates. Until now, we have not considered loss in the mirrors themselves. If mirror 
loss7 is significant, then it matters which definition is used, and for what purpose.
7We mean here the discrepancy between 1 — 12 and T, the absorptive loss occurring in the 
coating.
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The mirror losses must be included in the model, but care must be taken 
not to include them more than once. If the coupling rates are defined using the 
transmittances Tj, then the cavity evolution will behave as if the reflectances are 
1 — Tj. This is incorrect, as the mirror losses have not been included. To fix this 
problem, the mirror losses must be lumped together with the internal cavity loss, 
making an overall round-trip loss. The cavity mode evolution will now continue 
correctly, however, the prediction for the reflected light from the cavity will be 
incorrect, because the coupling rates do not represent the actual reflectances of the 
mirrors.
If on the other hand, the coupling rates are defined using the reflectances of the 
mirrors Rj , then the evolution of the cavity mode is only correct when the mirror 
losses are not included in an overall round-trip loss. The reflected field from the 
cavity is also correct. However, now the coupling rates do not represent the correct 
mirror transmittances, and the cavity transmission is incorrect.
In table 2.1 we illustrate the comparison between these two ways of defining 
the cavity coupling rates, using a cavity with R1 = R2 = 0.98, round trip loss L =  
0.0035, and mirror losses Imi = Zm2 = 0.0035. The reflected and transmitted powers 
relative to the incident power are shown as calculated using the exact model (2.41) 
compared to those of the rate equation equation model (2.46) for both definitions 
of coupling rates above, using reflectances (2.48), and using transmittances (2.49). 
As can be seen, where the reflectance model has been used, the transmitted figure 
is wrong in comparison to the exact model by about 50%. Where the transmittance 
definition of the coupling rates have been used, the reflected figure is wrong by an 
order of magnitude! Clearly, even though the mirror losses may only be 20% of 
the transmittances, failure to treat them correctly can lead to large errors in the 
calculated powers.
Table 2.1: Comparison of models.






P o u t / P i n 0.576 0.576 0.846
P r e f l / P i n 0.0064 0.0583 0.0065
Linewidth(MHz) 0.838 0.828 0.828
We point out that this problem does not indicate that there is something 
wrong with the methods of defining coupling rates, or indeed the theory in general.
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It occurs because of the simplification of assuming that only either the reflectances or 
the transmittances need be used. Our example above indicates that this assumption 
can be made in the presence of coating losses, provided only one output field is to 
be known accurately. However, it is a warning that if care is not taken in how 
non-trivial mirror losses are included then very large errors can result.
This problem could be solved by using two sets of coupling rates, one for 
reflections, and one for transmissions. However, in the case of the mode cleaner, 
it is the transmission which is more important, so we adopt the definition for kj, 
shown in Eqn. (2.49).
Chapter 3
Experim ental techniques and 
details
3.1 The laser and associated optics
In the schematics used in experimental sections of other chapters, a single box may 
represent the laser source. Fig. 3.1 shows what this usually consists of: the laser, 
a half wave plate, a Faraday isolator and the necessary focussing lenses. Here the 
laser and these associated optics are discussed.
T he laser: featu res and characteristics
Our laser is a LIGHTWAVE 122, laser diode pumped Nd:YAG ring laser, or 
miser. Its special features include that it is a very quiet and stable light source. 
The laser crystal is maintained at a precise temperature, keeping frequency drift to 
a minimum. Built into the control unit and power supply shown in Fig. 3.1 is a 
“noise eater”. This is an electro-optic feedback loop as discussed in chapter 4, but 
tailored for the reduction of the size of the relaxation oscillation of the laser.
The laser output frequency can be varied in two ways. Firstly, slow alterations 
can be made by altering the temperature of the laser crystal. This can be done 
via the dial position on the front panel. There is also an external input to change 
this temperature, marked “slow input”. The second method of altering the laser 
frequency is via the external “fast input”, which uses a piezo electric element to 
slightly alter the crystal length, and thus change the frequency. In the experiments 
we have performed we have used this input both in servo loops to lock the laser to 
cavity systems, but also to impose the high frequency phase modulations to operate 
the locking systems, these frequencies often being as high as 45 MHz. The charac-
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Figure 3.1: The laser and associated optics.
Schematic showing the laser, focussing lenses, Faraday isolator used to prevent light from 
being reflected back into the laser from cavity systems in the experiment, and half wave 
plate used in conjunction with the isolator as a variable attenuator.
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teristics of the laser are summarised in table 3.1.
Table 3.1: Characteristics of the LIGHTWAVE 122.
Specification Value Comments
O utput Power 211.6 ±  0.5 mW Fixed
O utput Wavelength 1064 nm
O utput Polarisation Vertical
Relaxation Oscillation 510 ±  5 kHz
Waist Radius 87 ±  10 /xm
Waist Position 50 ±  10 mm Behind shutter
Fast control voltage range ±  50 V Linear
Fast control voltage range ±  100 V Maximum
Fast control frequency range > 30 MHz For modln <10 kHz
Fast control frequency rate 2 MHz/Volt Approx
Slow control voltage range ±  50 V Maximum
Slow control frequency range 30-35 GHz
Slow control frequency rate -1.0 GHz/Volt
Slow range between mode hops 10 GHz Approx
Slow control time constant ~  3 8
T h e laser: perform ance
Fig. 3.2 shows experimental laser spectra taken using an AC coupled balanced 
detector. Measurements were taken for the cases of the in-built noise eater both on 
and off. The detection power was 15 mW. All detectors used in the experiments 
discussed in this thesis were relatively insensitive at the frequency of the relaxation 
oscillation. (See section 3.4.) This was in order to prevent saturation of the ampli­
fiers at the detection powers used. Consequently, this diagram does not accurately 
show the relaxation oscillation, or its suppression by the noise eater. However, we 
do see the effect of the noise eater at higher frequencies which were actually more 
im portant for our experiments. It can be clearly seen th a t even out to 50 MHz, 
the action of the noise eater is to add extra noise! It is understood tha t stabilising 
feedback loops can actually add noise in a region near the unity gain point. This 
occurs because the gain magnitude is close to unity, and its phase is sufficiently close 
to 7T due to the roll off, to give a noise enhancement rather than a noise decrease. 1 
Hence the several dB of extra noise seen between 5 and 10 MHz was expected. As
1This can be understood by examining the form of Eqn. 4.27, bearing in mind that the gain is 
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Figure 3.2: Laser spectra, noise tail
Spectra of the laser showing behaviour of the noise tail beyond the relaxation oscillation. 
Traces taken with the noise eater off and on are indicated. The extra noise due to the 
operation of the noise eater is clearly visible across the whole of this frequency range, 
although the uniform contribution between 15 and 50 MHz is not well understood.
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the gain of the loop approaches zero with increasing frequency however, this effect 
would be expected to decrease. Hence it is somewhat surprising to see extra noise 
added uniformly between 15 and 50 MHz when the noise eater is on. It is possible 
that the noise eater circuit contributes a small quantity of electronic noise in addi­
tion to the effect described above, but this is not known for certain. In any case, 
this figure shows convincingly why we chose to perform our experiments with the 
noise eater button firmly in the “off” position!
The Faraday isolator
A Faraday isolator is used to prevent back reflections from re-entering the 
laser. [51] Back reflections are undesirable because if they are in the same mode 
as the laser, the laser stability can be completely disrupted. It is even possible to 
irreversibly damage a sensitive laser such as ours if large powers are coupled back 
into the correct mode. Although this is unlikely to occur when driving devices which 
do not contain optical cavities, it is certain to happen when using the laser mode- 
matched into an optical cavity. Hence in our experiment, an isolator was essential. 
The rated specifications for our isolator are shown below.
Faraday Isolator specifications




Clear aperture: 2 mm
Front Polariser transmission: 98% 2
Rotator transmission: 98%
Rear polariser transmission: 98%
The half wave plate
Because the laser has a fixed output power a method was required to vary it. 
Also, since the laser output polarisation was not optimal for the isolator, it had to 
be rotated to obtain maximum power. A half wave plate in a rotating mount was 
used for this purpose.
2In practice this transmission is much less, more like 75%
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T h e focussing  lenses
Because of the small aperture of the Faraday isolator and the strong divergence 
of the miser due to its tight waist, focussing lenses had to be used in order to get 
the beam through the isolator successfully, and return the beam parameters to the 
values desired for coupling into the next device, usually the mode cleaner. Their 
values and positions are shown in Fig. 3.1. They are also mentioned later in chapter 5 
as part of the mode matching details of the mode cleaner. (100 mm and 500 mm 
focal lengths.)
3.2 Electro-optic modulators
Several sorts of electro-optic modulator have been used in our experiment. These 
include phase and retardance modulators, which are discussed below. Using the 
latter, amplitude or intensity modulators have been constructed. The specifications 
of the modulators used are shown in table 3.2.









Manufacturer Quantum Technology In Rad Lasermetrics
Model No. QC-10 102-020 1039DFW-1000
Aperture 10 mm 2.5 mm 2 mm
Half Wave Voltage 3.6kV 3.6kV —
Polarisation None None Vertical
Coating 1064 nm BB Visible 1064 nm
Loss 6% 20% 25%
Comments Large brass Previously Beam
mount damaged steering
Used for approx 0.5
1064 nm degree
P h ase  m odulators
Phase modulators consist of an optically active crystal with electrodes placed 
across it, which cause the refractive index of the crystal to change along its beam
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path as a linear function of applied voltage. These devices are used to impose phase 
fluctuations or modulations onto a beam, in my case, for the purpose of locking a 
cavity to a driving field as discussed later in section 3.8.
R etard an ce m odulators
These can be thought of as electrically controlled wave plates. As voltage is 
applied, their increasing birefringence retards one polarisation with respect to the 
other, causing a change in the polarisation of the transmitted light. [51] Specific an­
gles of operation can be found for these devices for which there is no residual phase 
modulation. This was necessary for the homodyne feedback work and is supported 
by the experimental homodyne data presented in chapter 4.
A m p litu d e m odulators
The retardance modulator described above when used alone and correctly 
aligned, changes only the polarisation of the light. It can be made into a ampli­
tude modulator in the same manner in which a half wave plate can be changed into 
a variable beam splitter; by placing a polarising beam splitter after it. As the applied 
signal to the modulator increases, the polarisation of the light is changed from lin­
ear to slightly elliptical. The polarising beam splitter then removes the polarisation 
component which is perpendicular to the original polarisation, thus reducing the 
amplitude and intensity of the light which remains. The resulting correctly aligned 
amplitude modulator now leaves the phase and polarisation of the beam unchanged.
3.3 General optics
Table 3.3 summarises the information regarding all the general optics used in the 
experiments. Note that this excludes the mode cleaner mirrors, whose specifications 
are given in section 5.3. Asterisks indicate that there are many variations on a 
particular model number depending on the exact type of component.
3.4 Detectors
The detectors which have been used in these experiments for both the fundamental 
and second harmonic wavelengths have a DC and an RF (radio frequency) or AC
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Table 3.3: General Optics.
Description Wavelength M anufacturer | Model No. Comments
Half Wave Plate 
Zero Order
1064 nm Newport 10RP02-34 Loss<0.2%
Q uarter Wave Plate 
Zero Order
1064 nm Newport 10RP04-34 Loss<0.2%
Q uarter Wave Plate 
Zero Order
532 nm Newport 10RP04-16 Loss<0.2%
Beam splitter Cube 
Non-polarising
1064 nm Newport 05BC16NP.9 50/50±5%
Beam splitter Cube 
Polarising
1064 nm Newport 05BC16PC.9 Loss <2%
Beam splitter Cube 
Non-polarising
532 nm Newport 05BC16NP.3 50/50±5%
Beam splitter Cube 
Polarising
532 nm Newport 05BC16PC.3 Loss<2%
Separator Plate 
Dichroic
1064/532 nm Melles Griot 03BDL001 Losses<0.1%/0.2%
Turning Mirror 
Aluminised
BBIR Newport Z0D10ER Loss~5%
Lenses
Plano-Convex
BB IR or Vis Melles Griot KPX***AR.** Loss<0.2%
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Figure 3.3: Schematic for photodetectors.
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output, the latter of which is AC coupled. The circuit diagram for these detectors 
is shown in Fig. 3.3.3 The DC output has a low pass corner frequency of 160 kHz 
effected by R3 and C7 before the output amplifier IC2A. The AC output has a 
high pass corner frequency of 3 MHz, effected by the 50 Ohm input impedance of 
the MAR6 (IC1) and its input capacitor C2. This renders the AC circuit relatively 
insensitive at the frequency of the relaxation oscillation of the laser, roughly 500 
kHz. This was done to avoid the MAR6 saturating from the large signal which 
would have otherwise been produced at this frequency. Note also that there is a 
rejection frequency at 1.6 MHz due to L4 and C4. Also, the DC output can be 
calibrated for output power using VR1.
3.5 Amplifiers and signal generators
Descriptions of the various amplifiers and signal generators, their model numbers, 
manufacturers and characteristics are listed in table 3.4.
3.6 The spectrum  analyser
Model number of the spectrum analyser used was HP-8568B. This machine allowed 
three traces to be recorded sequentially and then down-loaded together to a com­
puter for processing and plotting. This allowed the comparison of plus, minus and 
electronic noise floor traces.
3.7 Splitter-combiners, mixers, attenuators
Descriptions of the various RF Minicircuits components used, including model num­
bers and characteristics are listed in table 3.5.
3.8 Locking the laser, mode cleaner and SHG
Pound-Drever locking was used in all cases to lock the mode cleaner, laser and SHG 
crystal together. Only a brief explanation is given in this thesis. More information 
on this and other types of locking can be found in reference [52]. Pound drever 
locking involves imposing a phase dither at a frequency well outside the linewidth of 
the cavity system to be locked, and monitoring the reflected light from this cavity 
on a photodetector. The resonance of a cavity, just like all resonances, has a phase 
8These detectors were designed by Mai Gray
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Table 3.4: Amplifiers and signal generators.
Description M anufacturer Model No. Comments
HV Amplifier 
(Modulators)





325LA 25 W att
Power Amplifier 
(Feedback)
ISOMET RFA-1108 5 W att
Power Amplifier 
(General)
Mini circuits ZHL-1A 1 W att
Signal Amplifier 
(After Detectors)




Signal Generator National Panasonic VP-8177A
Signal Generator WaveTek | 3000
Table 3.5: Minicircuits Components.
Component M anufacturer Model No Comments
Mixer Minicircuits ZP-10514
Splitter /  Combiner Mini circuits ZFSC-2-1 Adding
Splitter /  Combiner Minicircuits ZFSCJ-2-1 Subtracting
Adder /  Subtractor ANZAC H-l-4
RF Switch Minicircuits ZFSQ-2-46 0V:Off -7V:On
A ttenuator 10 dB Minicircuits CAT-10
A ttenuator 6 dB Minicircuits CAT-6
A ttenuator 3 dB Minicircuits CAT-3
A ttenuator 1 dB Minicircuits CAT-1
Variable A ttenuator RS Components 610-506 Hatfield
Delay Line Ortec DB463
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transfer function; the phase of the reflected (or transmitted) signal changes with 
respect to the incident field as the cavity is scanned through resonance. While a 
photodetector cannot detect such a change, if the signal is “mixed” with a sample 
of the dither frequency, or “local oscillator” (LO), then the result will be a DC 
signal or “error signal”4 which is intimately dependent on the cavity detuning. As 
the detuning is varied, the changing phase of the reflected field causes the error 
signal to move from a negative value (for example) through zero at resonance, to 
positive values for the opposite detuning. Clearly, this signal can be used to return 
the cavity to resonance. However, it is not necessarily linear, and it only exists in 
a certain range of the resonance called the “capture range”. The cavity system will 
also not respond instantaneously, and at some frequencies, time delays may actually 
cause phase reversals. Consequently, the difficulty in locking cavity systems lies in 
designing and building the control loop, or PID. “PID” stands for proportional- 
integrator-differentiator, the three different types of electronic building block used 
to produce a control signal. The proportion section is simple amplification. This 
will be the only control element at some response frequencies. At low frequencies, 
an integrator allows much larger gain - theoretically infinite at DC - thus locking 
the average value of the error signal very firmly. On the other end of the scale, as 
frequency increases enough to approach a natural resonance of the servo system, its 
phase delay increases, leading to reinforcement of fluctuations and instability. One 
way of dealing with this in a PID is to vastly reduce the control level as this region 
is approached. In other words, place the “unity gain” point before the first natural 
resonance frequency. However, if this resonance occurs in a frequency region where 
good control is desired (as is always the case!), then this solution is not satisfactory. 
A differentiator can solve this problem by introducing a phase advance into the sys­
tem to counteract the phase delay of the natural resonance, and an increasing gain 
to counteract the attenuation after a natural resonance. This extends the control 
range of the PID to beyond the frequency of the first resonance, while insuring that 
the unity gain point is approached with a phase delay of less than ir, insuring the 
stability of the control loop.
Locking the  m ode cleaner
The laser was locked to the fundamental mode of the doubler, rather than vice
4We use the term DC here because it is not at many MHz like the LO signal. It does however, 
often display behaviour at many kHz as it follows the jitter of the cavity in response to noise 
sources.
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versa by using the electro-optic effect of the crystal. This was to avoid the possibility 
of photo-refractive damage occurring due to high voltages across the crystal in the 
presence of optical fields. [53] It was also to avoid “screening”, migration of the 
charge carriers in response to the DC electric field which greatly reduces the non­
linearity of the crystal.
The mode cleaner presented the following complications to the locking scheme. 
The laser frequency could not be varied to lock to the mode cleaner except at high 
frequencies. Consequently, the mode cleaner cavity length had to be changed via 
piezo electric element to lock to the laser. Secondly, because the mode cleaner was 
long (2.5 m), the usual problems of locking cavities became apparent; acoustic pickup 
from the table (which was certainly not ideal) and the surrounding air, servo loop 
resonances due to the piezo behaviour and due to the optical mounts. Moreover, 
there were two series of servo loop resonances to contend with, making the PID 
design very difficult. These resonances were at 4, 8, 12, ... kHz and 6, 12, ... kHz.
Fig. 3.4 shows the locking apparatus used for the second harmonic squeezing 
experiments shown in Fig 6.3. (It may be useful to refer to the latter figure simul­
taneously.) Note that for the following discussion as the amplifiers and attenuators 
are self evident, they will not be mentioned other than in the figure caption. Be­
ginning at the top, signal generators produce the required modulation signals for 
locking the cavities. On the left, the signal from the National drives the laser fast 
frequency input thus producing a phase modulation, via the junction box shown 
in the inset at the bottom of the figure. The junction box which enables the high 
frequency signal from the National to be applied to the laser while simultaneously 
applying up to ±  100 V low frequency signals to the laser as well, without letting 
the latter signals pass back to the National. Without this unit, the National signal 
generator would be destroyed. The frequencies used for this phase modulation for 
the laser were typically around 29 MHz. There were many frequencies at which 
this modulation technique worked, but they are very narrow. They are the result 
of resonances within the fast control piezo of the laser and its interaction with the 
laser crystal itself. [54] A local oscillator signal is combined with that derived from a 
detector in the reflected beam from the mode cleaner. The output of this is passed 
to mode cleaner PID (MCPID), a PID specifically tailored to the behaviour of the 
mode cleaner. This PID is discussed separately in section 3.11. The output from 
this unit drives a high voltage amplifier, which in turn drives the piezo of the end 
mirror of the mode cleaner. Another output from the MCPID is a high pass output 
with a corner frequency at around 219 Hz. This signal is fed to a UNIPID5.0 unit
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(discussed in section 3.9), which tailors the gain and roll-off of this signal, before it 
is sent to the miser controller, discussed in section 3.10. This unit in turn passes the 
signal to the fast input of the miser via the junction box. This latter pathway from 
the high frequency output of the MCPID to the fast input of the miser controller is 
the “fast correction” for the mode cleaner locking.
Locking th e  crysta l
The locking pathway for the crystal is similar. The wavetek provides the fre­
quency source for the phase dither, which is applied to the beam as it exits the mode 
cleaner using a phase modulator. (See section 3.2). A sample of this frequency is 
used as the LO after being adjusted in strength and phase. It is combined with the 
reflected signal from the crystal cavity. The output is fed to another UNIPID5.0 unit 
where its amplitude and roll-off are adjusted, and then combined with the fast mode 
cleaner correction signal via the external input of the fast correction UNIPID5.0. 
Note here that the settings of the gains and roll-off of these devices is critical in order 
to prevent them from interacting strongly enough to make the system unstable.
Locking th e  im proved exp erim en t
Fig. 3.5 shows the locking apparatus used for the improved second harmonic 
squeezing experiments as shown in Fig. 6.8. The phase modulator was removed 
in order to gain more power to the crystal. (The modulator having up to 25% 
loss.) Consequently, the dither signal was applied directly to the second harmonic 
generator crystal itself, the electro-optic effect causing it to become a phase modu­
lator. The crystal was extremely sensitive, and only small amounts of signal were 
required to cause a large error signal. If too much was applied, then large amounts 
of broad-band noise were seen.
In both these locking schemes, the external input of the fast correction UNIPID5.0 
could be driven from the crystal UNIPID5.0 (for normal locking), or from a scanning 
oscillator. This allowed a slow (up to 10 Hz) frequency dither to be applied to the 
laser and mode cleaner system, allowing the resonance of the crystal to be scanned 
or dithered. An example of the results of this is shown in Fig. 3.6. The top trace is 
the signal from the detectors in the second harmonic, and the bottom trace of that 
in the transmitted beam. Because this occurs in such a tightly controlled manner 
in comparison to a normal scan, there is much less noise as a result.
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Figure 3.4: Locking apparatus for the SHG experiments.
Schematic of the locking system for the SHG experiments using the mode cleaner. At 
the top are shown the signal generators which produce the dither or modulation signals. 
Copies of these signals, local oscillators (LOs) are mixed with reflected signals from the 
cavity systems being locked which are shown at the bottom of the page. This produces 
error signals which are passed through various PH) systems, and then used to control 
the cavity or laser frequency, keeping each cavity system on resonance with its driving 
frequency. SP = splitter, A(j) = attenuator of j dB, Q = Q-Bit amp, M = MITEQ amp, 
P = minicircuits power amp.
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Figure 3.5: Locking apparatus for the improved SHG experiments. 
Schematic of the locking system for the improved SHG experiments using the mode cleaner. 
The crystal cavity modulation or dither signal is not applied to an electro-optic modulator 
as in the original experiment, but directly to the crystal, its electro-optic effect allowing 
it to become a phase modulator. Everything else in the figure is the same as 3.4. SP = 
splitter, A(j) = attenuator of j dB, Q = Q-Bit amp, M = MITEQ amp, P = minicircuits 
power amp.
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Figure 3.6: Picture of dither trace while locked.
Picture showing the green output signal and the transmitted output signal from the crystal 
as the resonance is scanned using the scanning oscillator. The mode cleaner is locked 
throughout this process.
3.9 The UNIPID5.0 locking circuit
The UNIPID5.0 was the 5th in a series of attempts to make a universal PID cir­
cuit for general use. We believe that this has been successful. This device a very 
sensitive differential input amplifier, variable integrator and differentiator stages to 
allow a variety of systems to be locked. This not only includes cavity systems, but 
interferometers, phase locked loops, and homodyne detectors.
The circuit diagram is shown in Figs. 3.7 to 3.9. The unit begins with a dif­
ferential balanced input amplifier of variable gain (U1/A,B and U2/A). Its features 
are high gain, low noise, and very good common rejection ratio. The output of 
U2/A drives the gain potentiometer, which in turn feeds the integrator, having a 
switchable capacitor in the feedback loop, altering the frequency after which the 
integrator returns to a unity amplifier. Summed with the input signal at U2/B are 
the coarse and fine integrator offsets, and the tracking input. These adjust the lock 
to the region of the resonance desired. The fine offset, although only contributing 
less than Ö.01 of the dynamic range of the integrator, is invaluable for peaking the 
lock of a very fine resonance. The tracking input allows a sine wave generator of 
low frequency to be connected directly to the input of the integrator, which has 
the effect of “dithering” the point at which the integrator locks to. Again, this is
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extremely useful in an experiment such as squeezing where it may be desirable to 
move continuously and smoothly back and forth either side of a cavity resonance 
in order to see the effect on the squeezing signal. This is much better than a scan 
because it can be done very slowly but without all the noise that will occur during 
a scan, because the system remains locked at all times. Note it will also remove any 
asymmetry from the scan waveform for the same reason. The output of the inte­
grator is fed directly to the differentiator (U3/A), which has a switchable capacitor 
bank in its input, allowing variable cut-in frequency, before which it has unity gain. 
The point in frequency at which the differentiator terminates is determined by the 
value of R21 and P5.
The output of the differentiator is summed (U3/B) with the main or “search” 
DC offset, Before the integrator is activated, this DC offset is used to find a suitable 
resonance, and bring it within the capture range of the feedback loop. Once the 
integrator is turned on, this offset has no effect because it is immediately corrected 
for by the integrator. Hence the two DC offsets have specific and quite different 
roles; one is used when the integrator is off, the other while it is on. The external 
input allows an input signal of any frequency to be added to the control loop as an 
auxiliary input or for diagnostic purposes. A roll-off stage follows, consisting of an 
RC filter driving a voltage follower (U4). Both R and C are variable, being a pot 
and switchable capacitor bank respectively. A large range of roll-offs are provided. 
The voltage follower drives the output stage of the unit; a current limited push pull 
current amplifier, capable of delivering up to 330 mA.
Homodyne detector locking
Locking of cavity systems has been described in section 3.8. However, the 
UNIPID5.0 is also used to lock homodyne detectors to almost any local oscillator 
(LO) quadrature phase value except for exactly amplitude. This is done by con­
necting the DC outputs of the two homodyne detectors to the + and — inputs of 
the UNIPID5.0, its low impedance output being connected directly to a galvo plate. 
The PID will lock the difference between the two DC detector signals to a constant 
value determined by the integrator DC offsets by adjusting the LO phase. Note that 
this too can be dithered.
40
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Figure 3.7: UNIPID5.0 circuit part i.
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Figure 3.9: UNIPID5.0 circuit part iii.
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3.10 The miser controller
59
Locking the LIGHTWAVE 122 miser to an optical cavity requires using both the 
fast and slow frequency controls. Only the fast control gives the frequency response 
necessary to maintain a cavity lock, but it gives a very limited frequency range of 
2 MHz or so. The slow control is used to compensate for this lack of range as it 
can move the laser frequency by several GHz. However, it has a very slow response 
time of around 3 seconds, making it impossible to use the slow control alone. Note 
also that these two controls vary the laser frequency in the opposite sense, and have 
different input ranges: ±100 Volts and ±50 Volts for feist and slow respectively. Due 
to the large range of the slow control, we only needed to vary the slow control within 
±15 Volts.
The miser controller overcomes both these problems. It consists of two parts, 
apart from the HV power supply. The first is a 100 Volt amplifier to couple normal 
level signals from the general locking circuits used (±15 Volt) to the fast frequency 
input of the miser power unit. This is called the “fast controller”. The second is 
a PID unit tailored specifically to the response of the slow frequency input of the 
miser power unit. This is the “slow controller”, which also allows both course and 
fine remote manual control of the laser frequency via the slow frequency input of the 
miser. This was usually a far more convenient control than the velocity-dependent 
knob on the front of the miser power unit. Thus we found that this unit became 
an indispensable part of all experiments performed using the miser, even when only 
manual frequency adjustment was required.
The circuit diagrams for the miser controller are shown if Figs. 3.10 to 3.12. 
The 100 Volt amplifier is an adaption of a high precision audio amplifier circuit, 
and uses all discrete components. A differential pair amplifies the input signal after 
passing through a resistor network. The output of the differential pair is level-shifted 
up to near the positive supply rail voltage by two cascode pairs. This then drives 
a voltage amplifier consisting of a second differential pair and a current mirror, the 
effect of which is to give this amplifier extremely high gain, the secret to this circuits 
high precision. One arm of this amplifier is then used to drive the output stage, a 
normal push-pull current amplifier with a Vbe multiplier bias arrangement. This 
stage is current limited to 50mA to avoid damage due to short-circuiting the output.
The slow controller is shown in sheet msrpidl/1. U1 is an integrator and input 
amplifier. The wiper of the input level control, the fine and coarse DC offsets are 
all summed into the inverting input. The gain of all the amplifiers in this circuit
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Figure 3.10: Miser Fast controller.
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Figure 3.12: Miser Controller Power supply.
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when operating in their proportional regions is unity, as the input and output are 
both required to be within 15V; there is no need for any gain. The integrator 
termination frequency is 0.16Hz, after which the gain of the amplifier returns to 
unity. Switch SI converts U1 into a purely proportional amplifier by removing C12 
from the circuit, hence disabling the integrator. The output of U1 drives U2, the 
inverting/noninverting stage. Switch S2 toggles U2 between standard inverting and 
non-inverting configurations. U3 is the differentiating stage. It also acts a summing 
stage, for the fine search offset. The activation frequency of the differentiator is 
0.48Hz. The output from U3 drives final summing amplifier and output stage U4, 
via the output level control. This control was necessary at the time to reduce the 
dynamic range of the control circuit to avoid mode hops of the miser, while allowing 
the full travel of the coarse search DC offset, summed at U4.
The power supplies are shown on sheet msrpwrl/1. Two standard 6VA 40V 
center tapped transformers are used in double half-wave configuration, producing 
28V and 112V rails, which are then regulated to 15V and from 50V to 100V respec­
tively. The 15V rails are standard supplies using the 7815 and 7915 three terminal 
regulators. The 100V units are discrete regulators made to avoid the expense of 
high voltage IC regulators. These units are of standard current limited series pass 
design, using an error amplifier and zener voltage reference. Bias is provided to the 
pass transistors Ql, Q2 by RI, R2.
3.11 T he m ode cleaner P ID
Because of the peculiarities of the mode cleaner, a more sophisticated PID than 
the UNIPID5.0 was required. The difficulty can be explained in the following way. 
Normally as explained in the beginning of section 3.8, a differentiator is used to 
extend the frequency range of a PID beyond that of the first resonance, in this case, 
4 kHz. However, as mentioned previously, this system has two series of resonances, 
the first of the second series occurring at 6 kHz. We cannot use this trick with the 
differentiator twice, and this prevented us from imposing any gain at all at beyond 5 
kHz. This severe restriction meant that the overall gain levels had to be so low, that 
with a normal integrator, proportional and differentiator sections, the low frequency 
gain was insufficient to lock the mode cleaner against all the acoustic noise sources 
present in the laboratory. One solution could have been to completely isolate the 
mode cleaner. Our solution was the MCPID, discussed below.
The circuit diagram of the MCPID is shown in Fig. 3.13. There are several dif-
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Figure 3.13: The mode cleaner PID circuit.
Circuit diagram of mode cleaner PID. A variable input level is fed to an amplifier, then 
through two integrators of operation ranges as shown, a differentiator /low pass stage, 
which both increases the roll-off at low frequencies before the cavity resonance and in­
creases the gain afterward. Following this is an inverting/non-inverting stage which drives 
the output to the HV Amp. There is a second output which is passed through a high pass 
filter which is used in the fast locking loop for the mode cleaner.
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ferences between the philosophies of the MCPID and the UNIPID5.0 units. Firstly, 
the integrator and differentiator settings are not adjustable, as they are not required 
to be. Secondly there are two integrators, the first (Inti), working below 700 Hz, 
and the second (Int2), only working below 10 Hz. Although (Int2) is not often used, 
it allows a very sharp increase in gain as frequency falls below 10 Hz. This was done 
in an attempt to keep the center of the locking position rigid even for lower generell 
gain levels. Thirdly, there is a low pass step filter5 operating from 10 Hz to 1kHz. 
This and the differentiator are built into the same unit (diff and lo-pass). This filter 
adds to the roll off of the first integrator, making the total roll-off second order. 
All these features greatly reduce the gain as frequency increases. This allows the 
overall gain to be greatly increased, giving very good low frequency control levels 
while having only marginal gain in the region of 4 to 6 kHz. Beyond this region, 
the differentiator cuts in at about 7.2 kHz but not to compensate for a particular 
resonance, but to compensate for the phase delays of further roll-offs in the loop 
which otherwise cause it to become unstable. Lastly, a high pass filter (hi-pass), 
with a corner frequency of 219 Hz, is used to isolate the high frequency signals to 
be sent to the laser fast input via the various other units discussed in section 3.8.
a Alter which changes from one proportional gain to another over a speciAc frequency region
C hapter 4
T he sim ple feedback loop
4.1 Summary, Introduction and History
In this chapter, the quantum-limited behaviour of a simple electro-optic feedback 
loop is examined both theoretically and experimentally. This is an expansion of the 
work presented by the author in reference [55]. In such a loop, the signal from a 
photodetector, which is proportional to the intensity of the optical field, is fed back, 
via some electronics to an amplitude modulator placed in the beam. This beam in 
turn is incident on the photodetector, hence forming a feedback loop. While this 
completes the feedback loop in its simplest form, the light within it is inaccessible. A 
beam can be extracted from the optical portion of this feedback loop by using a beam 
splitter placed before the detector. This extracted light can then be examined. From 
this point on in this thesis we refer to any detector in an electro-optical feedback 
loop, the field incident on it and all photocurrents and spectra associated with it, as 
“in-loop”. Any detector in an extracted field, associated attributes and the extracted 
field itself are referred to as “out-of-loop”.
This type of feedback system is used to vastly reduce the amplitude noise (and 
with suitable cavity schemes, the frequency noise) of laser systems. [56, 57, 58] When 
the fluctuations of the field incident on the beam splitter are large compared to the 
quantum limit, then both beam splitter outputs, the in-loop and out-of-loop fields, 
will exhibit these same fluctuations. Thus, the in-loop photocurrent can be used 
as a “monitor” to control the noise present on the out-of-loop field. In practise the 
proportion of the total light used on the in-loop detector is quite small in these laser 
control systems, typically being a few percent.
When the amplitude noise of the input field approaches the quantum limit., 
the behaviour of the feedback loop is quite different to that outlined above. This be­
haviour has been studied in the past both theoretically, [59, 46, 60, 61, 62, 63, 66] and
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experimentally. [30, 64, 65, 63, 66] It can be summarised as follows. For a quantum- 
limited input field, negative (or stabilising) feedback causes the in-loop photocur­
rent to become sub-Poissonian, while the out-of-loop photocurrent becomes super- 
Poissonian. The immediate implications of this are two-fold. Firstly, a squeezed 
extracted field cannot be generated using a simple feedback loop. Youn et al [63] 
have conducted experiments where they report to have seen large amounts of squeez­
ing in the in-loop field and have attempted to extract squeezed light from such a 
field by many and varied novel means but with no success. Any linear method used 
for extracting usable light will not produce a squeezed field. Secondly, noisy light 
cannot be stabilised down to the quantum limit. A level of excess noise will always 
be present on the out-of-loop field. This is a noise penalty which must be paid for 
stabilising a light source using electro-optic feedback.
Approaching the quantum limit causes different behaviour, because the noise 
present on the input field becomes comparable to the vacuum noise entering the 
unused port of the beam splitter. This affects the way in which the two output 
fields of the beam splitter are correlated, and thus changes how one field can be 
controlled with the other. If the input field is at the quantum limit, or Poissonian, 
then the two output fields of the beam splitters are completely uncorrelated. Hence 
the feedback loop adds the uncorrelated noise from the in-loop field, to the out-of- 
loop, causing an increase in the out-of-loop noise.
A fully quantum treatment of this system is presented in section 4.2. It uses 
the tools and definitions set out in chapter 2, and follows the same style as that used 
for the laser, mode cleaner and second harmonic generator given in later chapters. 
The noise power spectra of the in-loop and out-of-loop photocurrents are derived, 
as well as the amplitude and phase spectra of the in-loop and out-of-loop fields. In 
addition to this, the spectra of the field incident on the beam splitter is examined. 
The amplitude spectrum of the in-loop field demonstrates, as Masalov et al [66] 
pointed out, that although the in-loop photocurrent may be sub-Poissonian, it does 
not directly follow that the in-loop field is also sub-Poissonian. This is because 
the vacuum fluctuations entering the in-loop detector via inefficiencies, have similar 
effects to those entering the unused port of the beam splitter as is demonstrated 
in the theory section. Also the phase spectra of all the fields are unaltered by the 
feedback process. Thus when the in-loop field is sub-Poissonian, it violates the 
free-field commutator, because an arbitrarily large amount of noise reduction in the 
amplitude quadrature is not accompanied by a corresponding increase in the noise 
of the other quadrature. This has also been investigated by other authors. [59, 60]
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Also, it is interesting to note that the field incident on the beam splitter need not 
be sub-Poissonian for the in-loop photocurrent to be sub-Poissonian.
In the experimental section 4.3 we present the results of noise measurements 
of the in-loop and out-of-loop photocurrents. These are in excellent agreement with 
the theory, and agree with those of previous workers in the field. [30, 64, 65, 63, 66] 
We also show how an intensity feedback system performs when the classical noise to 
be suppressed is of the order of the noise penalty incurred due to the feedback. The 
sensitivity of the noise penalty to the ratio of intensities incident on the in-loop and 
out-of-loop detectors is also demonstrated. Using homodyne detection of the out-of­
loop field, we deduce that there is no increase in the phase noise of the in-loop field 
to accompany the apparent decrease in the intensity fluctuations. This behaviour 
is unique to closed loop fields and is in agreement with the predictions made in the 
theory section.
In the discussion section 4.5, we try to give definitive answers to the following 
questions. Does the in-loop light have uses beyond those of coherent light? What 
is the nature of the light inside the feedback loop? What does a sub-Poissonian 
in-loop photocurrent imply about the in-loop light? What are the important differ­
ences between the in-loop light and a freely propagating sub-Poissonian beam? In 
order to help answer these questions we discuss the results of hypothetical quantum 
non-demolition experiments.
In trodu ction  to  e lectro-op tic  transfer o f squeezin g
There is in fact another section of this thesis which technically belongs in 
this chapter. It involves using the feedback loop described here but with a sub- 
Poissonian source. The result is that squeezing can be transferred from the in-loop 
field to the out-of-loop field under certain circumstances. However, these important 
results are experimentally inseparable from the second harmonic generation experi­
ments. Consequently both theoretical and experimental results of electronic transfer 
of squeezing are presented later in chapter 7.
4.2 Theory
Fig. 4.1 shows a simple electro-optic intensity feedback loop, consisting of a source, 
an amplitude modulator, a beam splitter, in-loop and out-of-loop photodetectors. 
The in-loop photocurrent is fed back via a filter and amplifier to the intensity mod-
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ulator. The “open loop” gain, or the gain of the feedback loop measured while the 
loop is broken, is h(u;). This is a complex function in general, including the phase 
and amplitude behaviour of the components in the feedback loop. The incident field 
amplitude from the source is A{n. The modulator decreases this amplitude by a 
factor of 6, yielding the field A'in which is given by
A'„ = $Ain + (4.1)
where Avrn is the vacuum field entering via the amplitude modulator. Without 
this noise contribution, the amplitude modulator would be able to squeeze light 
simply through the act of attenuation, since any fluctuation of A'in would approach 
zero as 6 approaches zero. Clearly this is not correct. The inclusion of A«™ resolves 
this problem and insures the correct behaviour of the modulator. However we shall 
see after the linearisation process that this noise term has no effect on the dynamics 
of the feedback loop, and that it can be removed for simplicity.
The field A'in is incident on the beam splitter of intensity transmittance e. The 
vacuum field entering the unused port of the beam splitter is Av. The two fields 
resulting from the combining of these two input fields are labelled A\ and A2, and 
are found by
A\ — A'n iy/l — e Av
A2 =  iy/l —  6 A'in + \fk  Av (4-2)
However, it is important to note that A'in is the term which gives these two 
fields their classical amplitude, and thus that of A 2 is imaginary as defined above. We 
prefer to make the classical amplitude real in order to facilitate taking quadratures. 
Thus we change the phase of A2 above to give the following.1
Ai = y/e A'in + W 1 -  e Av
A 2 = Vl  -  £ Äin - i y / e  Av (4.3)
These fields are then incident on two detectors, D\ and Z)2, of quantum effi­
ciencies r/i and »72 respectively. The fields Aj and A2 are the real, or actual fields 
that exist after the beam splitter, and which are incident on the detectors. We 
make this point explicitly because as illustrated in the inset in this figure, we model
1This is admissible because the phase is arbitrary in general.
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Light Source Modulator BS £
Amplifier Filter
Figure 4.1: Schematic of feedback loop showing optical fields.
The source produces an optical field Ain which passes through an amplitude modulator 
of amplitude transmission 6, through a beam splitter BS with intensity transmission s 
and then onto two detectors, D\ and D2 , of quantum efficiency rji and r/2. A\ and A2 
are the fields incident on the detectors. The inset at the top of the figure shows each 
detector modelled as a perfect detector and a beam splitter, the resulting photocurrents 
having the noise properties of the fields Aq\ and Adi . Both signals are monitored on a 
spectrum analyser, while the in loop field also drives the modulator via a filter to restrict 
the bandwidth of the feedback, and an amplifier to provide the necessary gain.
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the non-perfect detectors by defining new fields A d \ and AD2 which are completely 
converted to photocurrents. Each non-perfect detector consists of a unity quantum 
efficiency (perfect) detector and a beam splitter of intensity transmittance 7/1 or 772, 
the quantum efficiencies of the original detectors. This directly allows for the mixing 
of the incident fields with the vacuum fields, Avi and Av2. Although the fields A di 
and Ad2 are hypothetical in that they do not exist anywhere in space, the noise 
character of the photocurrents is exactly that of these fields.
A di =  \/*h ^1 + *\A — ’h
= \/^i£ {OAin + i \ / 1 — 62 Avm) + — e) Av + iyjl — rji Avi
Ad2 = y/v2 A2 + iyjl — 7/2 Av2
= ^ 7/2 (1  -  e) (6Ain + W l  -  02 A^n) -  iy/r^e A* + iyjl -  rj2 Av2 (4.4) 
The photocurrents are found from these two field operators by
h  =  (rAjm Am
I2 = (tA^D2AD2 (4-5)
where a is a constant. Linearising we obtain the following.
8I\  — (tÄ ^ i S A di  p Ä d i ^ Ä qi
= ctAdiSXadi
— X
8I2 =  (tA*D28Ad2 +  ^A d2^A'd2
=  (tÄ d 2$X a D2 (4.6)
Note that the semi classical values of the amplitudes have been taken to be real. 
Defining feedback
Using the in-loop photocurrent we must model the feedback process. However, 
the feedback function 6 must involve a sense of “history” or storage of information 
from the past. This simulates the roll-off of the feedback loop, or the integrating 
effect of capacitance in the loop. This is modelled by the following convolution 
integral, embodying the response function of the feedback loop &(s), which describes 
the decreasing gain at high frequencies, and thus the storage effect of the feedback
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process, and also the time delay in the feedback process. Note that k(s) is real for 
a purely amplitude modulator.
f O O
0 =  k(s)Ii(t  — s)ds
Jo
But we can linearise 0,
0 =  0  4  60
Thus, using Eqn. (4.6) we have
60 =  k(s)6Ii(t  — s)ds 
Jo
60 4 89  ^ =  2a (  k(s)ÄDi6XADi(t — s)di 
Jo
(4.7)
We can now linearise and expand the fields A di and A d 2 , in terms of the input
fields.
6A di — y /v i i  (Äin60 4 06A»« 4 W 1 -  02 (4.8)
+ * ^ / i y i ( l  -  e) 8A V 4 iy j l  -  t? i  6Avi
6Ad2 =  ^ 2 ( 1  — e) (Äin60 +  0 £Am 4 *Vl -  0 2 8Avm) (4.9)
- i y / i j 2£ 8AV 4 1 -  rj2 6Av2
Note that 0£A in 4 i V 1 — 0 2 8Avm is the same as the transmission of a fixed 
beam splitter of intensity transmittance 0 2. This fixed or average attenuation re­
sults in the replacing of some of the input noise with vacuum noise. Secondly, the 
feedback terms involving 60 are independent of 0 . Clearly then, for the purpose of 
examining the fluctuations we can without loss of generality set 0  =  1 and ignore 
Avm altogether. Thus
8Adi =  y/rfie {Ain60 + 6Ain) + -  e) 6AV + iy j l  -  6Avl
8AD2 =  ^ 2 (1  -  e) (Äin60 4 <$Ain) -  iy/r^e 6AV 4 iy j l  -  rj2 6Av2
Converting to quadratures we obtain
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SXadj = f>ADj + ÖApj, j  =  1,2
SXadi = y/rf[e (Äin(60 + 80*) 4- 8XAin) -  ~ e) -  y / l - y i  6YÄvi
6XAD2 =  ^ 2 (1  — C) (^tn(^ + £#*) + ^ i in )  + \/^2^ ^Av — \A — *?2 8YAv2
(4.10)
Note that we have what seem to be phase quadrature contributions from the 
vacuum field. What this really means is that the contributions to these expressions 
from the vacuum state are 7r/2 out of phase with the fields Am  and A^-This doesn’t 
change anything because the noise of the vacuum state is the same regardless of the 
phase angle.
In the frequency domain,
HSXAt ) )  = 6Xj(u>)y y = 1,2
T[60 + 60*) =  2<rk(u>)ÄDl8XADl
= 2ak(u;)y/r^£ Äin8XAD1 
=  ly/me SXA D 1
where
X = A(u>) = 2ak{uj)Ain
Therefore
6XAm — 8XAm  4- 8XAin) — — e) 8YAv — yjl — 771 8YAv 1
(4.11)
8XAm  — y 772(1 — e) (Xy/rjie SXAm  4- 8XAin) 4- \/r\2s 8YAv — y 1 — 772 8YAv2
(4.12)
We can see from Eqn. (4.11) that 8XAm  affects itself, via the feedback process. 
Rearranging gives
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(4.13)
r ^  yjry[e SXAxn ~ ^/t/i (1 -  e) 6YAv -  \ / l  -  Vi 6Ya vi 
fiX Adi = ------------------------- : =
1 —  T ] i £A
By comparing this with the standard equation for the output of a closed control 
loop [67], we see that the quantity TfteX is the open loop gain h which we defined at 
the beginning of this section.2 Thus
h(u) = Tjie\(u>) (4-14)
We shall retain the frequency dependence, writing h(u>) explicitly because it 
shall be the only appearance of u; in the spectra that follow. Note that using this 
definition, h is real and negative for negative feedback, and real and positive for 
positive feedback.
T he p h otocurrent sp ectra
We can now calculate the spectrum of the fields detected by the photodetectors. 
We note however, from Eqn. (4.6) that the fluctuations in photocurrent only differ 
to those of the fields Adi and Ad i, hy constant values. Hence these spectra are also 
the normalised photocurrent spectra. Thus,
Vn  = VAD1
VieVAin + *7i(l ~ g) 4- (1 — rii) 
|1 -  T71£rÄ|2 
Vl£(YA*n — 1) +  1 
|1 -h (u ;) |2
(4.15)
To obtain the out-of-loop spectrum, we substitute Eqn. (4.13) into Eqn. (4.12). 
This gives,
f i X AD2 =  j \A ? 2 ( l  “  £ )  f i X Ain +  (1  —  TjiX)y/Tl2£ S Y Av —
“  e)(1 - V i )  W a* 1 -  (1 -  -  /  {i -  mety
(4.16)
The resulting spectrum is
3To carry this comparison further, A is the response function of the control system, while r}\e 
is that of the device being controlled. Together they form h.
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VAD2
7/2(1 -  e)VAin + |1 -  7/jÄI2rj2e + |A|27/i7/2e(l -  e)(l -  rji) +  |1 -  f?ieA|2(l ~ V2 )
1 +
|1 -  T J l £ \ \ 2
7/2(1 -  e) 7iie(VAin -  1) + \h(u>)\2
rii£ |1 -  h(u)I2
Im plications o f p h otocurrent sp ectra
(4.17)
Note that V/i is not shot-noise limited. It is clear that noise on the in-loop pho­
tocurrent is reduced by the feedback loop in the same manner regardless of whether 
it is quantum noise or classical noise. However, the noise floor of the spectrum Vj2 
will be raised above the quantum noise level in any frequency regions where h(u>) 
is non-zero, even if the input is quantum noise limited, VAin =  1. Evidently it is 
not possible to stabilise light with excess classical noise down to the quantum noise 
limit using an intensity feedback loop, or to produce a usable out-of-loop squeezed 
beam in this manner.
O ptim um  gain for noise suppression
From Eqn. (4.17) we can see that classical noise (VAin > 1 )  can be reduced at 
any frequency due to the feedback function in the denominator. However, it is clear 
that this gain should not be made so large that the term |h(u>)|2 in the numerator 
dominates. This implies that there is an optimum gain for the suppression of classical 
noise. Minimising Vj2 gives
A opt — { V A in  1 ) (4.18)
Thus this optimum gain is
hopt(u;) = -T)ie{VAin -  1)
This results in the minimum out-of-loop noise spectrum
k / 2 o p t  —  1  +
7/2(1 -  e)(VAin -  1)
(4.19)
(4.20)
1 +  Vie(VAin -  1)
This is the fundamental limit to the performance of an intensity stabilisation 
loop. Classical noise for which (VAin — 1) ~  l / ^ e )  or less, is not significantly 
reduced. If e is made small to avoid light being wasted on the feedback detector, or
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Figure 4.2: Noise floors and classical signals.
This figure shows the theoretical response of the in- and out-of-loop noise floors and 
imposed classical signals to varying gain. The traces are normalised to the quantum limit 
which is 0 dB on the vertical scale. Various levels of classical test signal were imposed on 
the input field. Traces (i) through (v) are these levels as measured in the out-of-loop field 
as they respond to varying gain.
the in-loop detector is particularly inefficient, then the minimum out-of-loop noise 
will be considerably above the quantum  noise limit.
The behaviour of the out-of-loop light is summarized in Fig. 4.2. This figure 
shows different effects of increasing gain on the in-loop noise floor, the out-of-loop 
noise floor, and on classical test signals of varying size measured in the out-of-loop 
light. For low gains, the out-of-loop classical signals (at some arbitrary frequency) 
are suppressed similarly to  the in-loop noise floor. However, the rising out-of-loop 
noise floor is a limit to how far classical signals can be suppressed. For small classical 
signals, maximum suppression occurs at particular gains. A ttem pts to suppress the 
remaining classical signal levels further by increasing the gain will actually cause 
them  to rise again before merging into the rising out-of-loop noise floor.
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H igh gain lim it
As the classical noise to be suppressed becomes large, the optimum gain for 
maximum suppression approaches infinity. This is referred to as the high gain limit. 
(This is where most intensity stabilisers used in laser systems operate.) Thus the 
residual classical noise is coincident with the raised noise floor. Note from Eqn. (4.17) 
in this case it is possible to express the noise floor in terms of only the mean pho­
tocurrents.
Vi2oo — 1 +  / 2 /J 1 (4-21)
Hence for systems operating in this limit, there is no need to explicitly mea­
sure £, the beam splitter transmittance, and the individual photodetector quantum 
efficiencies rji and t/2, to calculate the noise penalty incurred by the system. Also, 
it can be readily generalized to the case of a multi-port beam splitter which more 
realistically represents a complete optical system in which there is one in-loop de­
tector giving photocurrent 7i and many out-of-loop detectors giving photocurrents 
/ 2, /ß , . . .  In. The high-gain noise floor for the current Ij (j  =  2 , 3 , . . .  n) is simply
Vijoo =  1 +  Ij/I\- (4.22)
Clearly if any particular out-of-loop photocurrent is much larger than the con­
trol current, a large noise penalty is paid. Conversely, if only a small quantity of 
the out-of-loop beam is monitored, the noise penalty may go unnoticed entirely.
T he incident field sp ectra
So far we have examined the photocurrent spectra of the in-loop and out-of- 
loop photodetectors. We have done this by finding the spectra of the fields detected 
by each detector, which result from the mixing of the vacuum fluctuations associated 
with detector inefficiencies, and the incident fields. However, these spectra may well 
be different from those of the actual incident fields incident on the detectors, A\ 
and A2, which we will now calculate. Unlike the photocurrent spectra, it also makes 
sense to calculate the phase quadrature spectra of these fields which we shall do 
later in this section.
Linearising Eqns. (4.3) we get
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6Ai = \/e 5(0Ain) + iy/ 1 — e SAV 
SA2 — y/l — £ — iy/e 6AV
Thus,
SXM = V£ (SXAin + Ä n{60 + 6$')) -  VT^~e 6YAv 
SXM = (5Xa,„ + Ä,„(60 + Mf)) + SYAv
and in the Fourier domain,
6Xai — y/e (Xy/rjie HXadi + Ä i n )  — \ / l  — £ SYav 
fiX-AT. — V l  — £ {Xy/rji£ S X aDI +  bXAin) +  \/c  6Yav
But, substituting for SXadi from Eqn. (4.13),
SXai =
y/e bXAin ~ y / l - E  fiYAv ~ X y /r j^ l  ~  *7i) fiYxvi 
1 — rjieX
Thus the spectrum of the field incident on the in-loop detector is
y  _  eVAin + (1 -  e) + |Ä|aT?1e(l -  r^)
A1 ~  |l -% e * |*
e(VAin -  1) + 1 + |Mh»)|2(l -  T)i)/(vie)
|1 -  Ä.(oj)|2
Similarly,
fiX A, =
_ y / l - e  fiXAin + (1 -  ThX)y/e SYav -  Xy/e(l -  £)r]i(1 -  7/i) SYav 1
1 — jfteA
Therefore the spectrum of the out-of-loop field is
(1 -  eQVAin +  e |l -  i?iÄ|2 + |Ä|2e(l -  e)r?i(l -  »?i) 
|1 -  J)ieÄ |2







|1 -  h(u>)|2
(4.29)
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Im plications o f th e  field sp ectra
Similarly to the photocurrent spectra, the in-loop field spectrum can clearly be 
sub-Poissonian, and the out-of-loop is clearly always super-Poissonian. Since the two
the beam splitter is not functioning as it would in a free field. It is affected by the 
operation of the feedback loop, and consequently, we refer to it as a “conditioned” 
beam splitter. (Borrowed from similar terminology for photodetectors. [60])
Let us consider the simpler of the two cases first, the out-of-loop field. Com­
paring Eqns. (4.29) and (4.17) we see that the only difference is the presence of the 
quantum efficiency t/2 in the photocurrent spectrum. In other words, the effect of 
this quantum efficiency is not seen in the out-of-loop field spectra. All other features 
of the spectra are exactly the same. This is what we would expect for any free-field 
detector.
Consider now the in-loop field, Eqn. (4.27). In a similar manner to that of the 
out-of-loop field, there is an extra rji present in the photocurrent spectra multiplying 
the input noise term. However, there is an extra term in the numerator of the field 
spectra equation which is a function of the gain h(u;), the in-loop quantum efficiency 
7/i, and the beam splitter transmittance e. This term represents the extra noise 
added into the in-loop field due to the uncorrelated vacuum fluctuations entering 
the in-loop detector, via its inefficiency. The presence of this extra term indicates 
that under certain conditions, the in-loop field will be super-Poissonian while the 
in-loop photocurrent will be sub-Poissonian.
Let us use a particular case to illustrate this, that of purely negative feedback, 
and no input noise, ie Va»n — 1 and A real and negative. Then the condition to be 
satisfied for the in-loop field to be sub-Poissonian is
equations for the incident fields do indeed have different spectra, it is evident that
i + 2^M(i-vO/fag)
( l  -  k(w)y (4.30)
This gives two possible outcomes, firstly,
- 2 t/i £
(4.31)
1 -  Vi -  Vie
and secondly,
(4.32)
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Condition (4.31) implies that if rji is less than a certain value, the in-loop field 
will only be sub-Poissonian for a restricted range of negative feedback gains. Higher 
gains will cause sufficient uncorrelated noise from the vacuum field leaking into the 
in-loop photodetector to be coupled back into the in-loop field to render it super- 
Poissonian. Condition (4.32) implies that if rji is greater than this certain value 
mentioned above, the in-loop field will be sub-Poissonian for all negative feedback 
gains.
The converse of this is that the in-loop field will be super-Poissonian in two 
regions. Firstly and trivially, when h(u>) > 0, ie positive feedback, and secondly 
when
h{ui) < i -  <ot01 Vi<i h  (4-33)
Yet in this latter region, the in-loop photocurrent is sub-Poissonian. Hence 
we must conclude that the in-loop detector does not behave as does a detector in 
a free field, for example, the out-of-loop detector. It is example of “conditioned” 
photodetection. [60] Masalov et al [66] observed photocurrents from a less than unity 
efficiency detector which were more sub-Poissonian than could be explained by even 
a perfectly sub-Poissonian light field incident on that detector because of this effect.
To summarise the implications of the spectra of the fields, it is clear that a 
sub-Poissonian in-loop photocurrent does not necessarily imply a sub-Poissonian in­
loop field. It is also clear that the beam splitter and the in-loop photodetector do 
not function in the same manner as if they were in a free field, they are conditioned 
devices.
The spectra  of the  field incident on the  beam  sp litte r
For completeness, it is worth examining the noise of the field incident on the 
beam splitter, A 'in. From the previous derivations, it is seen that
SXA'in = {89 + 80^)Äin + 8X 4™
Thus
8 X A ' i n  — A\A/l£ 8 X j i D l  +  8 X x i n
From Eqn. (4.13) this gives
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6XAin -  At/! ^ ( 1  -  e) 6YAv -  Xy/erj^ 1 -  t/i ) 6YAv1
0XA'tn = --------------------------- --------- =----------------------------
1 — rjieX
Thus the spectrum of the field incident on the beam splitter is
VßS — VA'in
Vxin + IM^)12(1 -  V i e ) / ( V i e )  ( i  34n
|1 -
There are two things to notice about this spectrum. Firstly, it is very similar to 
that of the in-loop field, Eqn. (4.27). If we examined the same case of negative feed­
back and no input noise, we would find that there is a similar set of conditions under 
which this field would be super-Poissonian, while the in-loop photocurrent would be 
sub-Poissonian. Secondly, note that in the extreme cases of e —► 1 and e —► 0, this 
spectrum approaches those of the in-loop or out-of-loop field, Eqn. (4.27) or (4.29) 
respectively. That is, as the beam splitter let us more of the light into either the 
in-loop or out-of-loop fields, the field incident on the beam splitter resembles more 
closely that particular field. This is what we would expect.
P h ase  sp ectra  o f th e  incident fields
Until now we have been considering amplitude spectra. What are the phase 
spectra? Similarly to the amplitude quadratures,
SYa 1 = V~e (SYAin + Äin(S6 -  66')) + iVT=~s SYAv 
S Y A2 =  V T = ~ e ( 6 Y Ain +  Äin( 6 6 - 6 e ' ) ) - i V i S Y Av 
S Y ,Ain =  Ä in(S0-  W *) +  SYjun
Because the amplitude modulator used in the experiments has no effect on 
the phase quadrature of the light passing through it, 86 is real. Hence the feedback 
terms in the above equations cancel completely, and there is no effect on the phase of 
any of these fields due to the feedback process. Thus the phase quadrature spectra 
are
Vyai =  eVyjiin +  (1 — e)
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Vy A2 =  (1  — e)V Y A in  +  £
Vy BS =  VYAin (4.35)
This implies that where there is a sub-Poissonian field inside the feedback 
loop, it violates the free-field commutator, because (arbitrarily large) sub-Poissonian 
photon statistics are not accompanied by an increase in the randomness of the 
quadrature phase. [59, 60]
4.3 E xperim ents
Several experiments were conducted to explore the behaviour of the feedback loop. 
Firstly, the feedback loop was driven using a Poissonian source with classical signals 
imposed at certain frequencies. This allowed the effects of electro-optic feedback on 
both the in-loop and out-of-loop noise floors to be examined as well as the effects 
on classical signals of various levels. Secondly, the effect of the feedback loop on 
classical signals imposed directly on the in-loop field were examined, to determine 
if any improvement in signal to noise ratio could be obtained by using the in-loop 
field instead of Poissonian light. Thirdly, the out-of-loop field was examined with 
a homodyne detector, specifically to examine the phase quadrature fluctuations of 
the out-of-loop field.
1. In- and O ut-of-loop  noise floors, sm all classical signals
The first experiment introduced above is described in the schematic Fig. 4.3. 
This schematic is the first in a series detailing all the experimental variations used 
in this chapter. The feedback loop as discussed in section 4.2 above is shown. It 
consists of an amplitude modulator labelled WFB”, beam splitter, in-loop detector 
and electronics. The out-of-loop field and detector are also shown. However, in 
this experiment, the loop is driven using a Poissonian source via an extra amplitude 
modulator labelled “EXT” which is driven by an external signal source. In this 
way, the classical signals to be investigated are imposed. One of these signals is 
considerably above the noise floor, and its suppression due to the feedback process 
provides a method of calibrating the gain of the feedback loop for each and every 
experimental trace which was taken. This was necessary because of the drifts in 
gain between consecutive traces.
The actual apparatus represented by the schematic is shown in expanded form 
in Fig. 4.4. The particulars of operation of many of these components have been dealt









Figure 4.3: Schematic of feedback loop used for main experiments.
This schematic shows the feedback loop used for the in- and out-of-loop photocurrent noise 
floor measurements, and the tests on small classical signals. It is driven by a Poissonian 
source. A second modulator EXT, used for imposing classical signals onto the light, is 
added before the feedback modulator FB. All other components are the same as those 
shown in Fig. 4.1.
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Figure 4.4: Full apparatus for main feedback experiments.
The variable Poissonian source (laser and associated components) shown drives a feedback 
loop consisting of an amplitude modulator FB consisting of an electro-optic (EO) mod­
ulator E02 and a polarising beam splitter P I, a variable beam splitter consisting of half 
wave plate HI and another polarising beam splitter P2, and an in-loop detector D1 which 
in turn drives the feedback loop electronics, signal amplifiers S, splitter SP, attenuator A 
and power amplifier P. The latter is the ISOMET mentioned in table 3.4. SP allows the 
in-loop signal to be monitored by the spectrum analyser while the loop is in operation. 
The out-of-loop signal from detector D2 is amplified by S and also monitored. E01 is used 
in conjunction with P I to produce deliberate amplitude modulation test signals on the 
beam derived from the signal source shown at the bottom left. This consists of two signal 
generators, one producing a carrier at 114.5 MHz which is used as the calibration signal 
for the feedback loop, and the other being used to produce side-bands 2.5 MHz either side 
of the carrier as small test signals.
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with in chapter 3. At high enough detection frequencies, (for the 10 mW detection 
powers used in this chapter, above approximately 100 MHz), this combination of 
components forms a Poissonian source of variable intensity. The external signal and 
feedback modulators collectively consist of two electro-optic retardance modulators 
and a single polarising beam splitter. The beam splitter BS which is used to separate 
the in- and out-of-loop fields, consists of a half wave plate and a polarising beam 
splitter. Together these form a variable beam splitter, with very little beam-steering. 
The operation of amplitude modulators and variable beam splitters are covered in 
sections 3.2 and 3.1 respectively.
The RF source used to drive the signal modulator, consisted of two signal gen­
erators, two splitter-combiners and a double balanced mixer as shown in Fig. 4.4. 
The main oscillator (National Panasonic, section 3.5) was set to operate at 114.5 
MHz. This was the optimum for stabilising feedback with the experimental ar­
rangement used. It was also high enough to ensure that the quantum statistics were 
Poissonian. Half the oscillator output was fed to a double balanced mixer, (local 
oscillator input), where it was combined with the output of a 2.5 MHz oscillator, 
(RF input), to produce two side-bands at 112.0 and 117.0 MHz, which were then 
recombined with the remaining 114.5 MHz (carrier) signal using another splitter- 
combiner. The size of the side-bands was controlled independently of the carrier 
by varying the output level of the low frequency oscillator. In this way, the larger 
carrier signal was used as a calibration signal as discussed above, and the small 
side-bands used to test the effect of the feedback loop on small signals.
The DC outputs of the two detectors (see section 3.4) are monitored on an os­
cilloscope to facilitate alignment and to monitor power levels. The RF outputs are 
fed through signal amplifiers, the out-of-loop signal going directly to the spectrum 
analyser, the in-loop signal being divided equally by a splitter-combiner between the 
spectrum analyser and completing the feedback loop. The electronics in the feed­
back loop consists of a variable attenuator (section 3.7), another signal amplifier, a 
filter, and power amplifier (ISOMET, section 3.5). The filter shown in the feedback 
loop is necessary because time delays in the feedback loop result in frequency depen­
dent phase shifts in the feedback signal. This results in alternate spectral regions of 
noise enhancement and suppression. To keep the feedback loop stable, its gain must 
be restricted in regions of noise enhancement. An electronic filter can achieve this 
while allowing the gain in a particular region of noise suppression to be maximised.







Figure 4.5: Schematic for direct in-loop modulation.
Identical to Fig. 4.3 except that the second amplitude modulator was placed after the 
feedback modulator, in the in-loop beam.
2. D irect in -loop  m od u lation
A variation on the experimental arrangement is shown in the schematic Fig. 4.5. 
The second modulator EXT was placed in the in-loop beam, classical signals being 
imposed on it directly. This allowed signal to noise measurements using the in-loop 
beam to be performed.
3. H om od yne ou t-of-loop  d etection
The experimental arrangement for the out-of-loop homodyne measurements is 
shown in Fig. 4.6. Two more beam splitters were added to facilitate taking a local 
oscillator beam from the laser output and recombining it with the out-of-loop beam. 
The beam splitter in the feedback loop was fixed at 50% for this experiment. The 
outputs of the balanced detectors were fed to a subtractor, and then to the spectrum






Figure 4.6: Schematic for out-of-loop homodyne measurements.
The arrangement shows the out-of-loop detector replaced with a balanced homodyne de­
tector. The local oscillator signal was derived from a beam splitter inserted after the 
source. The phase of the local oscillator LO was altered with a glass plate driven by a 
galvo actuator, or “galvo-plate” GP. There was no adding of external classical signals in 
this experiment.
analyser as usual. The phase of the local oscillator was electronically locked to values 
corresponding to either the phase or amplitude quadratures of the out-of-loop beam, 
allowing the effect of amplitude feedback on the phase or amplitude (intensity) of 
the light extracted from the feedback loop to be examined. (See section 3.8 for 
explanation of locking the homodyne detector.)
4.4 R esu lts
1. In- and O ut-of-loop  noise floors, sm all classical signals
Fig. 4.7a and b are typical experimental noise traces for the configuration 
shown in Fig. 4.3. The trace labelled (i) in each figure is the electronic noise floor
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of the corresponding detector and associated electronics. The peaks in the region of 
86 MHz to 106 MHz are due to local television and radio stations. The remaining 
two traces in each figure labelled (ii) and (iii) show the photocurrent noise spectra 
without feedback and with feedback respectively. Approximately 2 mW of light is 
incident on the in-loop detector and 10 mW on the out-of-loop detector. It is seen 
that in each figure, trace ii) follows the general shape of the electronic noise floor 
except in a region roughly 90 MHz to 110 MHz, which is most likely due to some 
extended interference in this region, adding to the electronic noise floor.
The large peak seen at 114.5 MHz is the calibration signal. It was deliberately 
imposed at the frequency of optimum noise suppression for this experiment, in order 
to ascertain the feedback loop gain at this frequency. The gain of the feedback loop 
is found from the suppression of this signal using Eqns. (4.17) and (4.15).
The effects of electronic feedback are evident from these spectra. When the 
feedback loop is operating, the calibration signal is reduced in size in both spectra 
as would be any classical noise. The effects on the photocurrent noise floors due to 
the feedback are clearly different in each spectra however. The in-loop noise floor is 
reduced as if it were indistinguishable from classical noise, but the out-of-loop noise 
floor actually rises. To compare these changes to the theory, they are measured near 
the foot of the calibration signal. Regions of noise enhancement are also clearly seen 
either side of the main negative feedback region. These occur as the phase of the 
feedback loop approaches multiples of 27T.
The terms “stabilising” and “destabilising” feedback are often better used 
than “negative” or “positive” feedback, because the latter implies specific phases 
of 2n7r or (2n + 1)tt, when in fact, regions of suppression and enhancement extend 
over a whole range of varying phase. Also, notice in Fig. 4.7a that the region of 
noise enhancement to the left is not as extensive as that of suppression to the right. 
This is because the boundary between stabilising and destabilising effects are not 
symmetrical. For large gains, even what would often be referred to as “positive” 
feedback can still be stabilising. This discussion naturally leads to Bode plots and 
Nyquist diagrams and the stability criterion which are out of the scope of this thesis 
but covered extensively elsewhere. [68]
Fig. 4.8 shows the effect of the feedback loop on the in-loop noise floor, the 
out-of-loop noise floor and a test signal with a no-feedback size in the out-of-loop 
of 5 dB. The theory curves are obtained from Eqns. (4.15) and (4.15) for varying 
gain magnitude |h(u>)|. The low-gain or no-feedback level for the test signal curve 











































Figure 4.7: Typical experimental photocurrent spectra.
(a) is the in-loop photocurrent spectrum, (b) is that of the out-of-loop. Trace (i) in 
each figure is the electronic noise floors, (ii) and (iii) show the photocurrent noise spectra 
without feedback and with feedback respectively. The peaks in the region of 86 MHz to 
106 MHz are due to local television and radio stations.










OPEN LOOP FEEDBACK GAIN (dB)
Figure 4.8: Response to varying gain; experiment vs theory.
Comparison between experiment and theory of the response to varying gain of the in- and 
out-of-loop noise floors and a classical test signal. For these experiments, e = 0.162±0.001, 
and for the classical test signal, rjie(VAin — 1) = 0.418 ± 0.005.
adjusting the auxiliary 2.5 MHz oscillator shown in Fig. 4.4, to obtain a 5 dB level 
while the feedback loop was inactive. Superimposed on these curves are the data 
points recorded in the manner described above. As the gain of the feedback loop 
increases, both the amount of noise floor suppression occurring in-loop, and noise 
floor rise occurring out-of-loop increases.
The trend shown in the test signal is clearly different to those in the noise 
floors. The no-feedback size of this test signal was chosen because it was of the 
order of the noise penalty incurred by the feedback loop in the high gain limit 
for these conditions. There is a distinct minimum in the curve corresponding to 
a maximum suppression of about 1 dB. The gain required for this suppression is 
considerably less than unity, being —3.8 dB. It is strikingly evident th a t as the gain 
is increased from this value, the out-of-loop noise floor rises to a level higher than 
the size of the original signal being suppressed! Clearly the suppression capabilities
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TRANSMITTANCE £
Figure 4.9: Out-of-loop noise floor vs beam splitter ratio.
The noise floor rise is dependent on the beam splitter ratio s. As t becomes smaller, the 
noise penalty becomes larger. Gain h{u) is held constant to within 0.3 dB for all data 
points.
of the feedback loop are severely limited when considering signals of such size.
We also demonstrate the effect on the noise penalty of using different beam 
splitter ratios. In Fig. 4.9 we see that as e becomes smaller, more uncorrelated 
noise is copied into the out-of-loop field, increasing the noise penalty. Again both 
a theoretical curve and experimental data points are shown. The gain h(v) of the 
loop was held constant to within 0.3 dB for all these data points by varying the 
electronic gain of the feedback loop to compensate for variations in e.
2. D irect in-loop m odulation
Measurements of the effect of the feedback on signals imposed directly on the 
in-loop field were taken as discussed in the experimental section 4.3. Refer again to 




































Figure 4.10: Homodyne out-of-loop measurements.
(a) is the spectrum of the out-of-loop amplitude quadrature, (b) is that for the out-of- 
loop phase quadrature. Trace (i) in each figure is the electronic noise floors, (ii) and (iii) 
show the photocurrent noise spectra without feedback and with feedback respectively. For 
these experiments, e = 0.50 ±0.02. (a) is similar to Fig. 4.7b, the out-of-loop photocurrent 
spectrum, but in (b) the no-feedback and feedback traces (ii) and (iii) are coincident.
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without feedback and with feedback on. The resulting spectra (not shown) behave 
identically to the in-loop spectra shown in Fig. 4.7a. That is, the classical test sig­
nal is reduced by the same amount as the noise floor. This means that no simple 
measurement can be done using the in-loop light which could achieve a signal to 
noise ratio greater than if coherent light was used. This is in stark contrast to a 
freely propagating beam of squeezed light.
3. H om od yn e out-of-loop  d etection
Fig. 4.10a and Fig. 4.10b show amplitude and phase quadrature noise spectra of 
homodyne measurements of the out-of-loop beam respectively. In each figure, trace 
(i) is the electronic noise floor, (ii) is the standard quantum limit with no feedback 
operating, and (iii) is with feedback on. The out-of-loop amplitude quadrature 
measurement shows behaviour similar to that seen for direct detection shown in 
Fig. 4.7b, ie an increase in the noise floor in the presence of feedback. The out-of- 
loop phase quadrature measurement shows absolutely no change: the two traces are 
coincident. There is no excess phase noise occurring in the out-of-loop light due to 
the feedback process. In addition to this, the modulator used in the feedback loop 
was aligned and tested independently of the feedback experiments, and found not 
to measurably effect the noise in the phase quadrature of the light. Consequently 
we know that the light incident on the beam splitter had no extra phase noise due 
to the feedback process. Since the unused port of the beam splitter was subject 
to vacuum fluctuations which are certainly unaffected by the feedback process, we 
can conclude that there was no excess phase noise at the remaining output port 
of the beam splitter, namely that of the in-loop fight. While this is not a direct 
measurement of the phase noise of the in-loop fight, it is strong evidence to support 
the lack of an operating complementarity relation between the quadratures of the 
in-loop field, as discussed in the section 4.2.
4.5 D iscussion  and C onclusions
The ramifications of the experimental work performed in this chapter are the fol­
lowing.
1. Squeezed fight cannot be extracted from a simple feedback loop by any linear
means such as a beam splitter.
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2. Not only can squeezed light not be extracted, the noise floor actually rises 
above the standard quantum limit in the out-of-loop beam due to the addition 
of uncorrelated noise via the feedback. This constitutes a noise penalty which 
must be paid for using this device.
3. Any classical noise cannot be suppressed to a level lower than this raised noise 
floor. As a consequence, classical noise which is of the order of the noise 
penalty incurred by the feedback loop, will only be marginally suppressed, 
and there exists an optimum gain for best suppression.
4. The size of the noise penalty depends on the beam splitter ratio, and, although 
not explicitly experimentally tested, ultimately depends upon the ratio of pho- 
tocurrents in the in- and out-of-loop circuits.
5. The in-loop field cannot be used to perform any classical measurement with 
greater signal to noise ratio than if coherent light were used.
6. The in-loop field violates the free-field commutator as no increase in quadrature 
phase noise is shown to complement the decrease in amplitude (intensity) noise.
It is instructive to consider the predicted results of hypothetical quantum non­
demolition [43, 44, 45, 46] (QND) experiments which could be performed using this 
feedback loop. They would allow investigation of the nature of the in-loop field 
to a much larger degree than was done in the experiments discussed above. The 
in-loop statistics could be measured directly without disturbing the operation of the 
feedback loop. Moreover, if a QND device was used to replace the in-loop detec­
tor completely, then it would be possible to extract a usable squeezed beam from 
an electro-optic feedback loop. (Note that the excess phase fluctuations added by 
the QND device would prevent this extracted field from violating the uncertainty 
relation.) Such schemes have also been proposed by previous authors. [60, 59] In 
particular, both of the above uses of QND measurements would confirm that the 
in-loop light can indeed be sub-Poissonian given the right quantum efficiency and 
gain conditions. This has been a point of conjecture in the past. [66] For a full 
discussion on the ramifications of using QND devices combined with feedback loops 
see reference [55].
It is now possible to answer the questions posed in the introduction section 
definitively.
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1. Does the in-loop light have uses beyond those of coherent light?
Apart from the possibilities of QND devices, no.
2. What is the nature of the light inside the feedback loop and What does a 
sub-Poissonian in-loop photocurrent imply about the in-loop light?
A sub-Poissonian in-loop photocurrent does not automatically imply that the 
in-loop field will be sub-Poissonian. It can be either sub- or super-Poissonian 
depending on the in-loop detector quantum efficiency and the feedback loop 
gain. However, if it is sub-Poissonian, QND experiments would allow its ex­
traction, to yield a usable squeezed field.
3. What are the important differences between the in-loop light and a freely prop­
agating sub-Poissonian beam?
Firstly, the in-loop field violates the free-field commutator. Secondly, as dis­
cussed in the theory section, components placed in the field behave differently 
to those in a free field. They become conditioned by the feedback loop. For 
example, a beam splitter placed in this field yields different statistics in the 
two output ports. Also, a non-perfect photodetector in the in-loop field ex­
hibits a unique relationship between the statistics of the incident field and the 
photocurrent. This is different to a detector in a free field, and it is possible 
to derive a sub-Poissonian photocurrent from an inefficient in-loop detector 
while the incident field is actually super-Poissonian.
Chapter 5
The laser and m ode cleaner
5.1 Summary and Introduction
This chapter covers the treatment and behaviour of the laser and mode cleaner. Al­
though a quiet light source, the laser still exhibits residual classical noise beyond the 
relaxation oscillation, gradually approaching the quantum noise floor as frequency 
increases. This is called the noise tail. Under various conditions, for example with 
the Noise Eater1 on, this noise tail can extend out beyond 50 MHz even at low 
detection powers. While for most optical experiments such a noise tail may be ir­
relevant, it is not so for a squeezing experiment. Any residual noise on the pump 
beam, especially at frequencies comparable to the operating linewidth of the second 
harmonic generator (SHG), will reduce the amount of observed squeezing, or mask 
it completely. To remedy this, we use the noise properties of an empty cavity to 
greatly reduce this noise tail. We refer to it as “the mode cleaner” only because 
the concept of using such a cavity is borrowed from the gravity wave experiments 
where they are used to reduce the mode irregularities and beam wander of the source 
laser. [69] We do not require these latter features.
In section 5.2 both the laser and mode cleaner are modelled, all the quantum 
noise sources being included. The spectrum for each is found analytically. While 
this latter point is far from new for an empty cavity such as the mode cleaner, it is 
a recent achievement for this laser system. [70]. The characteristics and behaviour 
of the resulting spectra are discussed including the relaxation oscillation of the laser 
and the general behaviour of cavity systems. In section 5.3 both the physical and 
optical design criteria of the mode cleaner are discussed. Then in section 5.4 the 
experimental arrangement used to record the laser and mode cleaner spectra is 
shown, as are the resulting spectra. The dramatic effect of the mode cleaner on
1See section 3.1
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the noise properties of the field is evident. The theoretical model developed is then 
compared to these results. Finally in section 5.5, the results are discussed and 
conclusions drawn.
Although this chapter is devoted to the laser and mode cleaner, it is here 
that we introduce a concept which is important to the whole thesis, that of the 
cascaded formalism. [71] This entails the idea of using the output field from one 
device with its derived spectrum, as the input field for the next. This is illustrated 
for our experimental system in Fig. 5.1. (The SHG is shown here as well, as this 
is naturally the next step, although it will not be discussed until chapter 6.) In 
the figure, the mode of each individual device is shown, along with the output field 
operators and spectrum. (Note that the subscripts used here are not a standard for 
this thesis. For each individual system, the same general notation is used without 
distinguishing subscripts except in areas where confusion could arise.) The noise 
sources from within the laser are shown; the pump noise with spectrum Vp, and 
the various spontaneous emission and dephasing noise sources discussed later in the 
next section. The noise sources arising in mode cleaner and SHG have been omitted 
to avoid confusion, but will be considered when these components are treated.
5.2 T heory
5.2.1 The laser
T he sem i-classical equations
The leiser used in the experiments was a laser-diode pumped Nd:YAG ring 
laser. For modelling purposes, it essentially consists of three parts; the pump laser 
diodes with output spectrum Vp, the laser medium consisting of N  three level atoms, 
and an optical cavity of mode a, the semi-classical value of which is a. This model 
is depicted in Fig. 5.2. The ground level, lower and upper lasing levels of the 
medium are designated |1), |2) and |3) respectively. They have collective population 
operators <7i, <t2 and <r3, the semi-classical values of which are J l5 J 2 and J3. Lasing 
from 13) and |2) occurs at a rate which depends on the population inversion J 3 — J 2, 
the mean cavity photon number a 2 and the stimulated emission rate, which is the 
number of stimulated emission or absorption events which will occur on average per 
second, per cavity photon. This rate is defined by
^  <r»Pc
n (5.1)










process Squeezed second 
harmonic output
Figure 5.1: Cascaded formalism and the flow of noise.
This figure shows the laser, mode cleaner and SHG cavities. Each has its own mode as 
indicated. The noise sources within the laser; pump noise with spectrum Vp, dephasing 
and spontaneous emission, contribute to the fluctuations in its output field Aja#, and thus 
its output spectrum Via*. This becomes the input for the mode cleaner which modifies 
this noise to produce its own (quieter) output field and spectrum, A ^ ,  V ^ . This in turn 
drives the SHG cavity which again modifies this noise, producing the squeezing output 
field with spectrum Vbou*-




Figure 5.2: Energy level diagram showing operation of the laser.
The energy levels of the laser are shown with their population operators <rj and their 
semi-classical values Jj, for j  = 1 . . . 3 .  The pump laser diodes pump from level |1) to 
level 13) at a rate T. Level |3) decays naturally at rates 723 and 713 to levels |2) and |1) 
respectively. Level |2) decays to the ground state level |1) and a rate 712 which is much 
faster than the other decay rates. The lasing transition interacts with the mode of the 
laser cavity as depicted, producing an output field Aiat with spectrum Vjaj. The noise 
properties of this output field are a function of the properties of the laser medium and the 
input noise of the pump laser diodes Vp.
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where cr, is the stimulated emission cross section, p is the density of Nd atoms, 
c is the speed of light and n is the refractive index of Nd:YAG. Spontaneous emission 
from the upper to lower lasing levels occurs at a rate 723, the decay from the upper 
lasing level to the ground state is 713 and the much faster decay of the lower lasing 
level to the ground state occurs at 7 = 712. For the purpose of this model we can 
lump the spontaneous emission out of the upper lasing level together as one rate, 
j t = *y13 -f 723. This is a valid assumption for this laser system because the lower 
lasing level is always strongly depleted.2 For Nd:YAG these parameters are [11]
(Ta = 6.5 x 1(T23 m2
p = 1.38 x 1026 m”3 *
c = 2.997 x 10® ms"1
n = 1.827
7t = 4.3 x 103 s-1
7 = 3.3 x 107 s"1
thus
G = 1.47 x 1012 s" 1 (5.2)
The rate of pumping from the laser diodes is I \  The decay rates of the optical 
cavity due to the output mirror and other cavity losses are km and respectively. 
The total cavity decay rate «, is the sum of these two. For the laser used in the 
experiments, these parameters were adjusted together with the pump noise level 
discussed below, to fit the theoretical squeezing spectra to the experimental spectra. 
They were found to be
T = 8.52 s"1
/cm = 2.93 x 107 s" 1
ki = 2.36 x 108 s" 1
k = 2.66 x 108 s" 1 (5.3)
The value of the laser-diode output spectrum, or pump noise level, which gave 
the best spectral fit was found to be 66 dB above the quantum noise floor. A flat 
frequency spectrum was found to be adequate.
3If this were not true, then the equilibrium values for these levels would have to be considered
as well.
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We can now construct the semi-classical equations of motion for the laser 
system.
a =  — (J3 — J2)a — kol 
z
j \  — —I \ 7i  +  7 J 2
J 2  =  G ( J $  —  J 2 ) & 2 - f  ~ / t J z  ~~ 2
J3 = —G(Jz — J2)o? — ~j t Jz TJ\  (5*4)
These equations are normalised to the number of atoms N  or in other words, 
they represent a single lasing atom. (We don’t know what the number of atoms is, 
nor is it necessary to know in order to model the laser. It can be found later if so 
desired.) Consequently, the populations of the energy levels must add to give 1.
♦ A  +  J 2  +  «^3 —  1




1 - 2 * /G  
7/r + 2 
1J2
' M i  -  i t ) 7t
G
(5.5)
The steady state values of these variables found from the parameters stated in 
Eqn. (5.3) are
Ji =  0.9998
J2 =  2.51 x 10~7
Jz =  1.91 x 10"4
a =  1.63 x 10"4 (5.6)
Note that the value of a  above is much smaller than unity because it has been 
scaled with \ /N ,  making a 2 the mean cavity photon number per lasing atom. (It is
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unnecessary to calculate the actual mean photon number, but it can be done using 
the laser output power, and the output mirror boundary condition. Using the value 
of a given above, this then allows the value of N  to be found.)
The solution for a  in Eqn. (5.5) shows the existence of a laser threshold since 
below a certain value of J2, it becomes complex. The corresponding threshold pump 




<2(7 - I t )  
0.818
since J\ ~  1
Comparing this to the calculated operating value of T, we see that the laser is 
running above threshold by a factor of roughly ten. Running well above threshold 
is a necessary condition if the laser is to be a quiet source. [72]
Full quantum model
Before discussing the full quantum model and deriving the spectrum of the 
laser, we must consider another decay rate. This is the collisional or lattice-induced 
phase decay of the laser coherence, 7p. It is transparent in both the semi-classical 
equations presented above, and the fully quantum equations as they are presented 
below. However, in the latter, the noise arising from this process appears explicitly, 
and hence it deserves mentioning. The reason it has not appeared explicitly is 
that it is already contained in stimulated emission rate G. However, Eqn. (5.1) 
doesn’t show it explicitly either, because its effect is to change the value of the 
experimentally observable parameter, <7,, the stimulated emission cross section. In 
other words, the likelihood for stimulated processes to occur is dependent on the 
number of dephasing collisions which are occurring per second.
Using the same definitions made in the discussion above, the quantum me­
chanical equations of motion for the laser are shown below.
ä =  — ( 0 3  — (T2)a — +  \/2/Cm Am -f y/2*i Ai — \[G(Jz -f- y£7<72 H2
=  -r< 7 i +  7<72 +  \[t°\ (Cl +  cl) -  y/^ä~2 (c2 +  cl)
d-2 = <7(03 -  (r2)a]a -f 7^3 _ 1<72 + (C2 + C\) -  (Cz -f (7 )^
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— \JGo's ( a ^ B3 -f- 0 -B 3 )  +  \JG&2 ( g^ B2 4 " &B\)
=  — G(ctz — a,2)a^a — 7*03 +  r<T3 — \JT(Ji (C\ +  C?!) 4- (C3 4- Cl)
The operators Am and Ai are the vacuum fields entering via the output mirror 
of the laser and the other losses from the laser cavity. B 2 , B$ are the noise terms 
from the phase decay of the laser coherence. Ci, C2 and C3  are the noise terms from 
the pump source and the spontaneous decay of levels |2) and |3) respectively.
The individual steps to obtaining the laser spectrum will not be shown here 
because the intermediate expression are very complex. They are however the same 
as outlined in chapter 2; linearise the equations of motion, apply the boundary con­
ditions at the laser mirror, take the Fourier transform and then the spectrum. (For 
a full description of these intermediate steps of the laser theory see reference [70].
The resulting spectrum is
Vmt = 1 + {(2«m) V  + (Got2 + 7, + r)J) -  8K2mGa2(Ga2 + 7. +  H 
+ 2KmG2a*(r j1V„ +  7 tJ3) + 2«mG((7, + T)2 + w2)(73 + Ji)
+ 4«m/c,((Ga2 + 7. + r ) 2 +  0,2)} /  {(2Ga2/cm -  a;2)2 + u,2(Ga2 + 7. + T)2}
where once again Vp is the pump noise spectrum.
Clearly, there is a resonance due to the first term in the denominator going to 
zero at a specific frequency. This is called the relaxation oscillation, and it occurs 
at the frequency
Physically, this oscillation is caused by energy moving back and forth between 
the laser medium and the cavity mode. It is prominent because it is under-damped, 
and is continually being excited by the noise sources within the laser.
As the detection frequency becomes much larger than the relaxation oscillation, 
the first term in the denominator rapidly increases, causing the spectrum to approach 
quantum noise. The spectrum of the laser derived using the values of the constants 
and semi-classical variables discussed above is shown in Fig. 5.3. The relaxation 
oscillation and the decreasing “classical noise tail” is clear.
B $  +  clB 3 )  —  G ( t 2 ( o ^ B 2  -I" & B 2 ) (5.7)
(5.8)
(5.9)
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FREQUENCY {MHz}
FREQUENCY {MHz}
Figure 5.3: Theoretical curves showing the relaxation oscillation of the laser.
(a) shows the relaxation oscillation clearly visible at around 500 kHz (Measured at 510 ±  5 
kHz.) Note that the irregularity at the top of the peak is an artifact of the plotting package.
(b) show8 the same on a larger frequency scale, showing the extent of the classical noise 
tail.
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5.2.2 The M ode Cleaner
We now calculate the transmitted and reflected spectra of the mode cleaner, repre­
sented in Fig. 5.4, with input mirror M i, output mirror M2, and third mirror M3 . 
The equation of motion is
ä =  —Aca 4- \/2/cml A in 4- \/2Acm2 Aaua; 4- \/2 acj .4/ (5.10)
where a is now the cavity mode of the mode cleaner, is the operator for 
the field incident on the input mirror M i, and Aaux is that for the field incident on 
the output mirror M2, which couples into the cavity mode in the correct direction. 
The latter is distinct from Artv as shown in the figure, which is the field returning 
from other devices beyond the cavity, or the “reverse” field. However, when using 
a ring cavity, although the reverse field does couple back into the ring, it drives a 
cavity mode in the reverse direction to the main mode, although otherwise identical. 
These two modes do not interact. Note however, that if a linear cavity is used, Aaux 
and Arev are the same field, and thus back reflections do affect the mode of the 
cavity. In our mode cleaner, Aaux is the vacuum field, however, for the sake of some 
general limiting cases at the end of this section which could be applied to either ring 
or linear cavity systems, it will be treated generally.
Ai represents the vacuum field coupling in through all dissipative losses, in­
cluding the third mirror M3. Correspondingly, / c m l ,  Acm2 and ac/ are the coupling 
rates of the cavity mode to the input and output mirrors Mi and M2, and the cavity 
losses respectively. The total of all these loss rates, is ac .
Linearising and converting to amplitude quadratures, we obtain
6Xa — —k S X o 4- \/2Acmi SXjun 4- \/2Acm2 SX^aux 4- \/2Äc] SX^i (5.11)
In the frequency domain this becomes
SXa = %/2ACmi SXjLin 4- \/2ACm2 S X j i a u x  4  \/2ac/ 6 X ^ 1 (5.12)
AC —  VjJ
The boundary conditions for the transmitted light at the output at mirror M2 
and the reflected light from input mirror Mi respectively are
-4  out
Arefi
V2acm2 a -  Aaxix
(5.13)
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Figure 5.4: Diagram of the mode cleaner showing the various fields.
The mode cleaner mirrors are labelled M i, Mj and Mj. The coupling rates for the input 
and output mirrors are and # ^ 2  respectively. The coupling rate of the third mirror 
and other losses from the cavity are collectively represented by */. The cavity mode is 
a, the input, output and reflected fields are A*n, A ^  and Artji respectively. The field 
reflected back from devices in the output beam is Am.  For a ring cavity this field does not 
affect the mode, but rather sets up another mode with exactly the same spatial properties 
as the first, but circulating in the opposite direction. However, the field A*«* does affect 
the mode, but for our mode cleaner, this is the vacuum. Note that for a linear cavity, 
these two fields would be the same, and hence back reflection from the output would affect 
the cavity mode.
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and using Eqn. (2.32) we find
8XAout — v2ACm2 8Xa 8XAaux
SXArefi = v /2 ^7  SXa -  SXAin (5.14)




2 yjKm 2 ^ m l 8XAin -}- (2/C m 2 /C “I" i^^)8XAatlx -(- 2 y j 8 X Al
K — IU)
(2«mi k, iu>}8XAin “}~ 2^//cmi/cm2 8XAaux 2y j 8 X Ai
K — IU)
(5.15)
In taking the spectra, note that V/ = 1, that is, the input noise coupling 
through the dissipative loss mechanisms is always vacuum noise. The amplitude 
spectra for the transmitted and reflected fields for a general ring cavity are then
Vout
Vrefl
4 ^ C m 2 ^ m lI /tn  “I" ( ( 2 ^ m 2  ^ )  “l- &  ) k a u x  4/Cm 2^Ci
K2 + U>2
( ( 2 Kml -  k )2 +  U?2)Vjn -f  iKmlKmiVaux +  4 ttmi* j
K 2 +  <j J 2
(5.16)
For our mode cleaner, Vaux = 1. Hence
Vout
vrefl
4/Cm2*mlVrtn + (2/Cm2 ~ *)* + 4/Cm2ACf + ^
K,2 - f  (jJ 2
((2/Cmi -  tt)2 + V2)Vjn + 4/Cmi(/Cm2 + Ki)
K 2 - f  (jJ 2
P erfect cases
(5.17)
1. Sym m etric
Consider the perfect ring cavity, with = «m2 = Then the spectra
will become
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V r e f l  =
+ U>2Va.
K 2 +  U>2
U*Vjn A K2Va
K 2 - f  k >2
(5.18)
We can now examine the low and high frequency performance of the cavity 
system, the boundary for which is the cavity linewidth.
For low frequencies, we see that in the limit as —> 0, these spectra approach
V«*(0) = Vin
Vrtfi{ 0) =  Vaux (5.19)
In other words, the input noise passes directly through to the output, and the 
noise of the auxiliary field incident on the output mirror passes straight through and 
out into the reflected beam. The cavity is transparent to noise in either direction at 
low frequencies.
More interestingly, at high frequencies, we see that in the limit as u> —> oo, 
these spectra approach
Vout(0o) — V<xtuc
Vrefl(oo) = Vin (5.20)
This is the opposite situation to the above. The cavity is completely opaque 
to noise at high frequency. The input noise is reflected into the reflected field, and 
the auxiliary noise is reflected into the output field.
Since this cavity has the same output and input couplers and there is no loss, 
the reflected field has no coherent amplitude. We say that the cavity is “impedance 
matched”. [73] Thus the reflected field from this cavity is an interesting state of 
light. If the input field has excess noise, then the reflected field will be a noisy vac­
uum. If the input field is squeezed, then the reflected field will be a squeezed vacuum.
2. Single ended
Let us now look at the other obvious case, a perfect single ended cavity with 
« m i = « ,«m2 = 0,/cj = 0. This time, there is no transmitted light, the only output 
being the reflected field, the amplitude quadrature fluctuations of which are related 
to those of the input field by
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(5.21)
Taking the spectrum we have
(5.22)
Thus all the noise that enters the cavity is reflected. It would seem that
the cavity does absolutely nothing. This is not entirely true however. Notice in 
Eqn. (5.21) that there are frequency dependent phase shifts between the input and 
output fields. While this fact does nothing unusual for the case of zero detuning 
which is used throughout this thesis, the case of detuning within the linewidth of 
such a cavity can “rotate” the noise distribution relative to the phase of the field. 
If a squeezed state is incident on this cavity, it can rotate the axis of the squeezing 
ellipse relative to the amplitude phasor. This occurs because the squeezed field 
can be considered to have a distribution of spectral components, each of which are 
rotated by a different amount by the cavity system. (This is similar to the phase 
modulation signal of a locking system being converted into an amplitude signal 
as discussed in section 3.8.) For a thorough treatment of this phenomenon see 
reference [74].
Fig. 5.5 shows a theoretical example of the transmitted and reflected spectrum 
from the mode cleaner as used in the squeezing experiments. For the purposes of 
this figure, a flat (extending across the entire frequency range of the spectrum) input 
noise of 10 dB is assumed. The low-pass filtering effect of the mode cleaner on the 
transmitted light and the high-pass filtering effect on the reflected light are clearly 
evident. Note one difference in comparison to the theoretical limiting case shown 
above in Eqns. (5.19). The spectra do not reach the input noise level (transmitted) 
or quantum noise level (reflected) at DC. This is due to the effect the mixing of 
extra vacuum noise via the coupling rate m in the real mode cleaner.






Figure 5.5: Theory plots of transm itted and reflected spectra of the mode cleaner. 
Transmitted and reflected spectra are shown for a flat input noise of 10 dB. Clearly in the 
limit of high frequency, the former tends to the quantum noise floor, 0 dB, and the latter 
tends to the input noise level, 10 dB. Towards 0 frequency (DC), the opposite is true, but 
note however, that the two curves do not reach either the quantum noise floor or the input 
level at DC. This is due to the loss coupling kj.
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5.3 T he design  o f th e  m ode cleaner
O ptical design
In order to effectively reduce the noise of the laser for the purpose of driving 
the second harmonic generator, the linewidth of the mode cleaner had to be made 
sufficiently small. This meant that mirror reflectances had to be sufficiently close to 
unity. However, the closer to unity the reflectances become, the lower the necessary 
loss figures of the mirrors in order to maintain reasonable transmission through the 
cavity. The minimum loss figures available to us at the time were 0.20% [75] for 
input and output mirrors at 45 degrees incidence at 1064 nm. We decided on de­
sign goals of 60% transmission from the mode cleaner, as this gave us the minimum 
power required to still perform the SHG experiments, and a linewidth of roughly 1 
MHz, as this was well below the detection frequencies at which we envisaged run­
ning. This meant that a clearance factor of roughly 10 between the transmission 
and loss of the input and output mirrors was necessary. In other words, around 2% 
transmission was necessary if the loss was 0.2%. Hence the input and output mirror 
reflectances were chosen at 98%. The third mirror was the maximum available to us 
being 99.87%. With these figures, a cavity 2.5 metres in perimeter easily provided 
the necessary linewidth. A ring cavity was chosen because it was more easily imple­
mented into the existing experimental apparatus and could still be a long cavity. It 
also required less optics for the purposes of locking as the reflected beam from the 
mode cleaner was directly accessible without having to insert glass plates or beam 
splitters to obtain a sample beam.
Physical design
Each of the three mirrors which constituted the cavity were separately mounted 
in mirror mounts strengthened by extra springs, on top of solid aluminium blocks 
which were clamped tightly to the optical table. The positions of these mounts were 
carefully chosen to coincide with acoustic nodes of the table in order to minimise 
coupling of noise into the mode cleaner cavity. It was discovered that the mount 
holding the third mirror which was attached to the piezo element had a resonance 
at about 100 Hz. Two rubber car-engine mounts were pressed against either side of 
the third mount and clamped in place to prevent this. This method was also found 
to reduce acoustic noise coupling in general, and has since been used to do so even
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Table 5.1: Mode cleaner mirror parameters.
Parameter Symbol Measured Value
Input mirror
Reflectance Ri 0.979 ±  0.001
Transmittance T1 0.020 ±  0.001
Absorption A\ 0.002 ±  0.001
Output mirror
Reflectance R2 0.975 ±  0.001
Transmittance t 2 0.023 ±  0.001
Absorption a 2 0.025 ±  0.001
Third mirror
Reflectance Rz 0.997 ±  0.001
when there are no specific resonances to damp. In addition to this, it was seen that 
the mode cleaner exhibited two distinct series of acoustic resonances, one at 4 kHz 
intervals and one at 6 kHz intervals. This made locking very difficult indeed. (See 
section 3.8) However, it was discovered that when a large counter-weight (a brass 
cylinder) was used to absorb the reaction forces from the piezo, the strength of these 
resonances was much reduced.
5.4 E xperim ent and R esu lts
The arrangement of the laser, mode cleaner and associated optics for the measure­
ment of the amplitude noise spectra of the laser and mode cleaner, is shown in 
Fig. 5.6. The laser operation is described in section 3.1. All measurements per­
formed in this section, and indeed in the rest of this thesis, were done so with the 
noise eater off as at the frequencies of interest for our experiments, the noise eater 
actually adds more noise. (See section 3.1) Also, the theoretical model does not ac­
count for the effects of the noise eater, and erroneous parameter values are obtained 
if the noise eater is on. The mode cleaner mirror parameters were found by directly 
measuring the reflected and transmitted light from each mirror, ensuring that the 
test beam used was incident at the correct angle of operation for each mirror. [76] 
These parameters are shown in table 5.1.
The locking procedures were the same as those described in section 3.8. The 
mode cleaner was aligned by sweeping the piezo voltage on the third mirror and
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Spectrum
AnalyserWaist Radius = 504 pm







Figure 5.6: Arrangement of laser and mode cleaner for recording their spectra. 
The laser and associated optics are shown just as in Fig. 3.1. The mode cleaner and its 
position relative to the mode-matching lenses are also shown. A balanced detector was 
placed at the output of the mode cleaner. With the apparatus as shown, the mode cleaner 
spectrum was recorded on the spectrum analyser. Then, the input and output mirrors Mi 
and M2 were removed and the laser spectrum was recorded. The half wave plate A/2 was 
adjusted in each case so that the total detection power in each case was 14 mW.
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Figure 5.7: Picture of a resonance sweep of the mode cleaner.
This is a photo of the signal from the reflection detector of the mode cleaner. The large 
peaks are the TEMOO modes corresponding to the mode cleaner resonance. The small 
peak between the two is the second-order peak corresponding to miss-mode-matching. 
This is due to incorrect lens value or positioning, or the slight ellipticity of the laser beam, 
or both.
observing the resulting transmitted beam. An example of such a trace when the 
mode cleaner was aligned well is shown in Fig. 5.7. The large peaks are the TEMOO 
modes corresponding to the mode cleaner resonance. The small peak between the 
two is the second-order peak corresponding to miss-mode-matching. This is due 
to incorrect lens value or positioning, or the slight ellipticity of the laser beam, or 
both. It was not possible to reduce this peak further without a lot of work using 
the existing lenses in the laboratory or purchasing highly specific lens values.
The predicted transmitted and reflected powers from the mode cleaner relative 
to the input power were found from Eqns. (2.46). These are compared in table 5.2, 
to the experimental values. Clearly there is a major discrepancy. However, column 
4 shows the theoretical values for which the miss-match has been included. This is 
done by using Eqns. (5.23) shown below.
=  (1 - M )
W m l  Km l
(5.23)
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Table 5.2: Mode cleaner powers; theory vs experiment.
Power Ratio Theory Experiment Corrected theory
Pout /Pin 
Prefl/Pin
0.781 ±  0.001 
0.021 ±  0.001
0.56 ±  0.01 
0.30 ±  0.01
0.559 ±  0.001 
0.298 ±  0.001
FREQUENCY {MHz}
Figure 5.8: Experim ental and theoretical spectra for the laser and mode cleaner. 
The experimental laser and mode cleaner spectra, (i) and (ii) respectively, are strikingly 
different, the low-pass filtering action of the mode cleaner being clearly visible. The large 
peak at 27.5 MHz is the locking signal for the mode cleaner. Note the ringing close 
to this signal for the laser spectrum is greatly reduced in the mode cleaner spectrum. 
The corresponding theory curves (Ui) and (iv) respectively, have been plotted using laser 
parameters obtained from fitting the no-mode-cleaner squeezing curve to experimental 
data in chapter 6. The agreement is very good. Note that the noise eater was off for these 
measurements.
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The term M  is the proportion of input light which is miss-matched, and hence 
reflected directly back from the cavity regardless of its parameters. It has been 
adjusted to give the best fit, which occurs for M  = 0.283. Although larger than 
expected judging from the small size of the second order peaks seen in the scans, 
this clearly matches the experimental values very well.
Using the models developed in section 5.2, we can plot the spectra of the laser 
and the mode cleaner, and compare them with experimental results. Fig 5.8 shows 
experimental spectra of the laser and mode cleaner taken at a detection power of 14 
mW, traces (i) and (ii) respectively. The effect of the mode cleaner is clearly visible, 
and its value in the preparation of the pump light for the squeezing experiments 
apparent. Where as the laser spectrum is only just quantum noise limited at this 
power at 50 MHz, the mode cleaner spectrum is quantum noise limited at around 
7 MHz. Traces (iii) and (iv) show the theoretical fit to the experimental data. 
The mode cleaner fit is very good, while the laser fit is good, but not perfect. 
This is because these theory curves were not adjusted to fit these data. The laser 
theory parameters have been adjusted so that the theoretical squeezing curve for 
the no-mode-cleaner SHG experiment fits the corresponding data. These same laser 
parameters and the measured mode cleaner mirror values have been used to obtain 
theory curves (iii) and (iv). For more detail on this fitting procedure see section 6.5.5. 
In this light, this agreement proves the validity of our theory.
5.5 D iscussion  and C onclusion
It is clear that the mode cleaner has been successful in reducing the amplitude noise 
of the laser light. At a detection power of 14 mW, the laser spectrum was only 
just quantum noise limited by 50 MHz, where as the output spectrum of the mode 
cleaner was quantum noise limited by about 7 MHz. As we shall see in chapter 6, 
this made a dramatic difference to the amount of squeezing which was obtained in 
the SHG experiments.
We have also given one demonstration of the validity of the cascaded theory. 
The theory curves which were compared to the experimental laser and mode cleaner 
spectra were not adjusted to improve the fit in any way, but rather the original set 
of parameters, which will be discussed in chapter 6, required to fit to the initial 
squeezing experiments have been used throughout this thesis.
Further work involving the mode cleaner includes decreasing the linewidth of 
the cavity, making it an even better low-pass filter. This would require the purchase
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of better quality mirrors with lower losses, thus allowing lower transmittances with­
out sacrificing cavity transmission. This would also make the mode cleaner more 
difficult to lock to the same noise figure. This in turn would mean that better isola­
tion of the mirror mounts, better and firmer mirror mounts, and acoustic isolation 
of the optical table would be required.
Chapter 6
Second harmonic generation
6.1 Summary and introduction
The development of a source of squeezed light was crucial for the testing of electro- 
optic transfer of squeezing. Second harmonic generation (SHG) presented sufficient 
opportunities to test these ideas, while at the same time being a reliable source of 
both frequency-doubled light for the operation of OP Os, and squeezed light for use 
in other experiments. It addition to this, the building and modelling of a second 
harmonic squeezed source was of interest in its own right. Previous experiments by 
Paschotta and Collett [21] had not accounted for noise on the laser source, obtaining 
large discrepancies between experiment and theory. Treating the laser noise using 
the ideas of the cascaded formalism discussed in chapter 5, we have obtained excel­
lent agreement between experiment and theory even in areas where the laser noise 
is large. [23, 22]
In this chapter we firstly develop some intuitive ideas about the process of 
second harmonic generation using the semi-classical equations in section 6.2. Then 
in the theory section, 6.3, beginning from the equations of motion, we derive the 
amplitude and phase spectra for the second harmonic, the transmitted and the re­
flected outputs of the singly resonant second harmonic generator, and show what the 
limiting cases are. Then in section 6.5 we report on the SHG experiments performed 
at the ANU during the period of my PhD showing experimental arrangements and 
results. The improvements made are discussed including the implementation of 
the mode cleaner placed between the laser and the second harmonic generator. [22] 
Squeezing up to 2.5 d.B has been inferred from these experiments, and reliability 
traces have been taken over periods up to 5 hours. [77] Spectra of the squeezing 
present on the reflected fundamental are also shown. Squeezing traces taken both 
without and with the mode cleaner in operation are compared to the theory in sec-
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tion 6.5.5. The laser theory is fitted to one and only one set of data, the squeezing 
without the mode cleaner. This was done by adjusting the laser linewidth, pump 
rate and the SHG non-linearity. The theory is then shown to agree over a wide range 
of different power levels and experimental arrangements, including the addition of 
the mode cleaner. In section 6.6, the results of the experiments and theoretical 
modelling are discussed, conclusions drawn and suggestions for further work are 
presented.
6.2 The semi-classical equations, intuitive ideas
The semi-classical equations of a quantum system enable the steady state solutions 
to be found and demonstrate the classical dynamics of the system. They can also 
provide insights into an intuitive understanding of the system, even in terms of the 
noise behaviour of the system. The semi-classical equations for second harmonic 
generation are
d = ea*ß — («a + iAa)a 4  driving term (6.1)
ß  = — ^ a 2 — (kb 4  iAk)/3 4  driving term (6.2)
where a  and ß are the semi-classical field amplitudes at u> and 2u> respectively, 
which I will refer to from here on as the “red” and “green” modes. /c0, kj,, Aa, A*, are 
the linear damping rates and detunings respectively and e is the coupling between 
the two fields via the nonlinear interaction. For more information on the derivation 
and origin of these equations, see reference [78].
The first thing to notice about these equations is that the interaction term 
takes a different form in each equation. (It’s not immediately obvious how these 
two terms complement one another, but if the equations are recast in terms of the 
energy in each mode, these interaction terms are seen to be equal and opposite in 
the two equations.) This curious fact leads to distinct differences between the two 
processes of second harmonic generation and parametric down conversion.
The fact that the interaction term in the equation for ß  does not contain ß 
itself, indicates that to first order, the growth (or decay) of the green mode is not 
dependent on the green mode itself. (There will of course, be an effect via the red 
mode if the green mode becomes sufficiently large.) Hence, while the green mode 
can be added to and subtracted from, it cannot be amplified as such. As a result, 
second harmonic generation does not have a clearly defined threshold of operation
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below which no second harmonic is produced. It also means that the noise character 
of the light being added to the mode at 2w is not directly dependent on the noise 
character of the light already in that mode.
In contrast to this, the interaction term appearing in the equation for a de­
pends on both the field amplitudes. This means that growth (or decay) of this 
mode is essentially an amplification process, thus the term “parametric amplifica­
tion”. Unlike second harmonic generation, this process has a threshold. This is 
because below certain levels of a, the growth of the mode will be less than the linear 
losses. Whether or not the red mode is amplified or attenuated depends directly on 
the phase relationship between it and the green mode. Similarly, whether fluctua­
tions on this mode are amplified or attenuated depends on their phase relationship 
to the green mode.
Let us now contrast the two cases in terms of the noise behaviour. In a para­
metric amplifier, the red mode is being amplified. Thus the first term of Eqn. (6.2) 
must be positive. The action of this term is non-linear because of the coupling to 
the green mode. (This is particularly evident in the singly resonant case where the 
corresponding term in the equation of motion Eqn. (6.7) has a cubic dependence 
on the fundamental mode.) Any fluctuations in the amplitude of a are made worse 
due to the action of this term. Fluctuations in the phase of a on the other hand 
are reduced because any state with a less than optimum phase is naturally ampli­
fied much less, and thus can’t compete as well as those with optimum phase. This 
process is essentially “phase sensitive amplification” and can produce very phase 
squeezed states. (This argument only holds true for a parametric amplifier operat­
ing below threshold, or being seeded with an input beam to be amplified.) On the 
other hand, in second harmonic generation, this term is negative. The red mode is 
being attenuated, resulting in an additive increase to the green mode. This time, 
fluctuations in the amplitude of the red mode are reduced. Any slight increase 
leads to a larger attenuation, any slight decrease leads to less attenuation. In other 
words, when this term is negative, its effect on the red mode is one of “non-linear 
absorption”, which decreases the amplitude fluctuations. Any phase fluctuation of 
a decreases the effectiveness of this first term just as in the case of the parametric 
amplifier, but since the sign is now negative, the effect is also opposite. States with 
slightly different phase are not attenuated as much, leaving them there to make the 
overall phase fluctuations worse.
The reduction of amplitude fluctuations on the red mode as described above 
is one of the basic squeezing mechanisms of both singly and doubly resonant SHG.
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Although these excess fluctuations in the red mode are removed via the green mode, 
which is shown by the first term of Eqn. (6.2) having an a 2 dependence, now that 
the red mode has become “quieter” in the amplitude quadrature, the green light 
produced from it will now also be quieter. Squeezing on the green mode is increased 
also by the fact that only half as many photons are added to the green mode as are 
taken from the red mode. This itself results in a lower variance. This is the reason 
for the factor of 1 in the first term of Eqn. (6.2). [79]
If the cavity system is now made to be doubly resonant, ß  becomes much 
larger, and the interaction between the modes becomes much more complicated. 
This drastically increases the sensitivity of the first term in Eqn. (6.2) to fluctuations 
in a. Hence the fluctuations in both a  and ß  can be reduced much further. In theory 
perfect amplitude squeezing on either the fundamental or second harmonic can be 
obtained with such an arrangement.
The idea of perfect squeezing raises an interesting question. We have been 
basing our description of the operation of this system on the stabilisation or oth­
erwise of the amplitude a. Clearly perfect stabilisation of a, which we would as­
sume intuitively to be the limit of the effect of SHG on the fundamental mode, 
means no uncertainty in the magnitude of a, and an infinite uncertainty in its 
instantaneous phase angle. This actually corresponds to a Fock-state, and not a 
perfect quadrature squeezing state. This would indicate that in the limit of good 
squeezing, the linearised model breaks down. This is supported in chapter 2 by 
Eqns. (2.24) and (2.25), which indicate that the quadrature squeezed states are only 
approximately eigenstates of the annihilation operator, and that the amplitudes of 
the equivalent coherent states are only approximately eigenvalues for the squeezed 
states. Hence the definition used for the linearisation of the cavity mode, Eqn. (2.31), 
breaks down. It is my belief that second harmonic generation and parametric down 
conversion are actually number or phase squeezers and not quadrature squeezers. 
The fact that the theories developed give the squeezing in a quadrature framework 
is a direct consequence of the linearisation process. However, no experiment has yet 
been performed where good enough squeezing have been obtained to demonstrate 
this discrepancy.
6.3 Singly resonant SHG theory
The equations of motion for the fundamental and second harmonic modes of a gen­
eral dual cavity system are written below. [78] They are similar to the semiclassical
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equations as we shall see, but they have the important difference that they embody 
the behaviour of the system due to quantum effects of all the processes involved.
where a and 6 are the annihilation operators for the fundamental and second 
harmonic respectively. Fields A{n and Bin are incident fields for the fundamental 
and second harmonic, Arev and Brev are the reverse fields re-entering through the 
output ports of the fundamental and second harmonic cavities, and Ai and Bi are the 
vacuum fields entering the SHG system via the loss mechanisms in the fundamental 
and second harmonic modes respectively. /c0m, *aout and are the coupling 
of modes a and b via the input and output mirrors, kai and /cy are the dissipative 
loss couplings within each cavity. The total losses in each case are
Given that we are considering the singly resonant case with one output port 
for the second harmonic, the coupling for that port is much larger than any other 
losses. Also since there is no driving field at this wavelength all the input noise 
sources to the green mode can be treated in one term. Thus for the derivation we 
only need consider the total coupling, m,. Any extra losses can be corrected for later. 
We can write the equation of motion for b as
where all the input noise is represented by the last term.
The evolution of the second harmonic mode is so much faster than that of the 
fundamental due to much larger coupling, that its evolution can be considered to be 
instantaneous by comparison. This allows it to be slaved to the fundamental mode 
by setting 6 = 0. (This process is referred to as adiabatic elimination.) Thus
CL —  £ C L  b K ( j f l  -}- s/^L^axn Ain  "t" V^ 2^ oout r^eo 4“ Al (6.3)
6 = - - a 2 — /cj»6 4- \/2«Wn #*n 4- Brev 4- \/2«w B i (6.4)
«6 — ttfrm +  K bou t +
(6.5)
( 6.6)
The whole system can now described by the following single equation,
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ä = —fia^a2 -  na -f y/2nin A;n 4- %/2/w A ^  4- y/2/cj Ai 4- 2^//! (6.7)
where we have dropped the subscript wa” from all the coupling rates; eg, 
Ka —► /c, and have defined
£2
as the two-photon damping rate, representing the non-linear loss from the 
fundamental to the second harmonic cavity modes. Linearising we obtain
Sä = —/z(2aa*5a 4- oc26a+) — /c8a -1- \/2>c;n 6Ain
4-\/2/cout £Aret, 4- \/2 k/ 6A/ 4* 2 /^/Z cxSBrev (6.9)
We assume now that the semiclassical values are real and convert to quadra­
tures.
SXa = —3fia28Xa — k,SXa 4-  %/2/cin
+ \/2«out SXArev 4- \/2 k/ 6X4/ 4" 2 ^ ^  OlSX B r e v  (6.10)
6Ya = ~ n a 2SYa -  kSYa 4- y/2 *;n 6YAin
4-\/2«out 8YArev 4- \/2/cj £Ya/ 4- 2 ^ ^  aSYßrev (6.11)
Taking the Fourier transform and rearranging gives
6Xa = \/2Kin SXAin 4" y/^öüt SXArev 4" \Z2K[ SXAl 4- 2-y//! aSXßrev
k  4- 3/La.2 — ia>
(6.12)
\/2*m 4- \/2^out 8 Y Arev + y / 2 Kj £Y /^ -f 2^ /^ Z O cSYßrev , _ 1 oX
------------------------------- T TT T i— 7"------------------------------- V6-13)/c -j- /xa2 — to;
The relevant boundary conditions for this system are
A-out — \ / 2 Kaout A A rev ,
Arefl = y/2 liain <1 ~  Ain,
Hoxit — v/2/Cj, 6 Brev
CHAPTER 6. SECOND HARMONIC GENERATION 124
Using Eqn. (6.6) to eliminate fc, we obtain
Bout — ~ —/ j =  a2 -f Brev
Using Eqn. (6.8) the boundary conditions for the singly resonant case are found
to be
A o xit  — V % K out & A rev
Arefl =  V 2 Kin & ~
Bout = y/Ji a? ~ Brev (6.14)
Note that the sign of Bout has been changed for convenience and consistency. 
This is admissible as the definition of the phase of the fields is arbitrary. Linearis­
ing these boundary conditions, converting to quadratures and taking their Fourier 
transforms we obtain
f i X A out = v 2/cout f i X a S X A rev
fiY A o u t = y j2 K .o u t f i Y a — f i Y A rev
fixArefi = \/2«in f i X a — fix A in
f i Y Ä r e f l = \/2*m f i Y a —  S Y A in
f i X B o u t = 2  O ty /J i  f i X a — f i X  B re v
f iY ß o u t = 2 O L y/ji 6 Y a — f iY ß r e v (6.15)
Substituting Eqns. (6.12) and (6.13) into the above gives the equations
f i X A ou t
2y /K o u tK in  f i X A {n  *f 2y / o u t ^ l  f i X A { 4" 2 a y / 2 [ l K o u t  f i X ß r e v  
k + 3/xa2 — iuj
 ^ (2*0^ -  K -  3na2 4- iu>)SXArev 
k + 3 not2 — iu> (6.16)
SYÄ<ml 2 y jK o u t  K in  fiT^Ain 4" 2 yjK>out ^ l  f i Y A \ 4" 2 c X y j2 [ lK ,o u t fi^ B r e v  
«  4- fio2 — iuj
| (2*W -  K -  f i g 2 4- i<Jj)fiYArev 
k 4- /ia2 — ia> (6.17)
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6X Ärefi
2yJf i^n^out 8 X Arev 4 "  2  yjA C jn  A C/ 8XA[ “ I" 2 a  Y ^ 2 / X A C j n  8Xßrev 
ac +  3/xa2 — to;
| ( 2 / ^ n  -  ac -  3/xa2 4- ia Q O ^ n  
ac 4- 3/xa2 — ia;
(6.18)
Arefl
2 K<mt 8YArev 4" 2^/ACinAC/ 8YAl "I" 2a-y/2/XACin 8Yßrev 
ac +  /xa2 — ia;
| ( 2 / c ^ n  -  ac -  / x a 2 4 -  iv)8YAin 
ac +  / x a 2 —  iuj
(6.19)
8 XBout
2 a v/2/iAcin 4- 2a^/2fiKout 8XArev -f 2ay/2fiKi 8X Ai 
ac 4- 3/xa2 — iu>
 ^ (/xa2 -  k + i(jj)8XBrev 
ac 4- 3/xa2 — iu;
( 6.20)
8YBout
2 a v/2/xAc,w 8YAjn 4- 2 a >/2/xAcotit 8YArev 4- 2 a A/2/xAc/ 6Yai 
AC 4- /xa2 — iu;
^ (3 /x a2 — /C  4- iu;)6YBret,
AC 4- hol2 — iu)
( 6 .21)
We can now take the spectra of these quadrature fluctuations, noting that
VxAl =  V y A I —  Vx B rev =  V y ß r e v  =  V x Arev =  V y  Arev =  1 .
VxAcmt —
^outi^inVxAin  4- */ 4- 2/xa2) 4- (2a w  -  ac -  3/xa2)2 4- ^
=  1 4- 4acc
( ac 4- 3/xa2)2 4* a;2 
KinjVxAin ~  1) ~  /X<*2 
( ac 4- 3/xa2)2 +  u;2
( 6 .22)
YyAout =
^outi^inVyjiin  4- 4- 2/xa2) 4" (2Acout -  « -  /xa2)2 4- w2
1 4" dAC^ t
( ac 4- /xa2)2 4- u;2
KinjVYAin - 1 ) 4 "  /Xa2
( ac 4- /xa2)2 4- u;2
(6.23)
T/ _  4Acin(Acou* 4- 4- 2/xa2) 4- Vx^m((2Acin -  ac -  3/xa2)2 +  u;2)
V x^ ' ------------------------------------ --------------------------------------------------------
=  VJMn -  4^,n -(F x^  -  1)(^ ‘ +  K| ± j  +  /ta>Vx* w (6.24)
( ac 4- 3/xa2)2 4- a;2
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V y A r t f l
4«»n(«out + kf 4- 2 /ac*2) 4- VyAm((2«»n -  « -  /aq2) 2 4- a>2) 
( k 4- /Aa2) 2 +  u>2
(Vyxm -  l) (> w  +  «/ +  2/xa2) -  f i a 2 V Y Ain
V y A in  — 4/C jt
(/c +  /ac*2) 2 +  u>2
(6.25)
V x B o u t =
& f ia 2 ( * i n V X Ain  + « o u t 4" «/) + (M<*2 “ «)2 + U>3
=  1 +  8 /ac*
( k  4- 3/ac*2)2 4- a ;2
2 « in  (  V x  A in  1 )
( k  4- 3/ac*2)2 4- u ;2 (6.26)
VyBout S f i a 2 ( K in V y A in  +  « o u t +  « / )  +  (3 /*< *2 ~  * ) *  +  ^
—  1 4 -  8/ac*
( k +  /ac*2) 2 +  u>2 
2 «in(VyAin ~  1) 4~ ^
(/c 4- fid2)2 4- ui2
(6.27)
6.3.1 Limiting cases
We now examine these equations for some obvious cases, to see if they give agree­
ment to the results of previous co-workers. In all these we will assume that there is 
no laser noise. Hence we have that VXAin =  1.
1. Second harm onic squeezin g, p erfect doubler
For the case of a good doubler, let K^t =  «/ =  0, and thus write K;n =  k. In 
other words, the only loss mechanisms to the cavity system, are back out through 
the input mirror, and via second harmonic generation. Then we find that the spectra 
of the second harmonic quadratures to be
V x B o u t
V y ß o u t
1 _______8/a2 a 4
( / c  4 3/ac*2)2 4- a ;2
i +  8* 2q4____
( k  4- /A a2 ) 2 4- u >2
(6.28)
The amplitude spectrum clearly goes to |  as a  —> oo for finite detection 
frequency u>. This is in agreement with results of Paschotta and Collett.[21] Note






Figure 6.1: Theoretical amplitude and phase spectra of SHG.
This figure shows the theoretical spectra from a perfect SHG squeezer; there is no dissipa­
tive loss to either mode, and no fundamental cavity transmission. This figure shows the 
complementary nature of the amplitude and phase and spectra. As the amplitude spec­
trum  becomes squeezed, the phase spectrum becomes more noisy. Note however, that in 
general, this squeezed state is not a minimum uncertainty state, as the product spectrum 
is non-zero. For these plots = 1.014 x 107 s-1 , p = 0.01015 s“ 1, a  = 57790.
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also that the phase spectrum goes to 9 in the same limit, the product being 1. Thus 
this state is one of minimum uncertainty in the limit of infinite mode amplitude. 
However, this is not true in general, as we shall see below.
Fig. 6.1 shows the theoretical amplitude and phase noise spectra of a perfect 
doubler. The mode amplitude, input coupling rate, and non-linearity are those used 
to model the actual experiments performed at ANU. The spectra are shown in dB 
to allow a better comparison between the amplitude and phase spectra. Notice that 
they have a Lorentzian shape, and that the squeezing is a maximum at zero fre­
quency. (This is not true for doubly resonant second harmonic generation.) The 
product of the two spectra is also shown. Clearly, as detection frequency approaches 
DC the product of the two spectra becomes greater than unity (0 dB). Thus, even 
for a perfect doubler, the squeezed states produced are not in general minimum 
uncertainty states.
2. Reflected fundamental squeezing
To maximise the squeezing on the reflected fundamental, we require the same 
constraints as for good squeezing on the second harmonic, that set = m = 0, 
and thus have Kin = k. The spectra become
V x A r e f l
V y A r e f l
1 -  
1 +
4 f i a 2K
( k  -1- 3 j i a 2 ) 2 -1- o>2 
4 / i a 2 K
( k +  f i a 2 ) 2 +  (j j 2
(6.29)
However, this time there is an optimum circulating power in the squeezer to 
give the maximum reflected squeezing. The amplitude spectrum is most squeezed 
at k = 3fia2, giving the spectrum a value of | .  The corresponding value of the 
phase spectrum is This is again what is expected from the literature.[80] The 
product of the two is | .  Hence this is not a minimum uncertainty state. Note that 
there is a specific ratio of non-linear to linear loss rate which gives the best infra-red 
squeezing. This is because up to a certain non-linearity the amplitude noise on the 
infra-red is reduced, but beyond this value, more than an optimum portion of the 
light is lost to the second harmonic and squeezing on the infra-red is then reduced 
due to the resulting attenuation.
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3. T ran sm itted  fundam ental squeezing
A very similar calculation to the above for the squeezing of the transmitted 
light assuming that «/ = 0 gives
VxAoui
V y  A out
1 _  Afia2 Kput
(k + 3 fia2)2 + cc1 
+ (* + /*a2)2 + u;2
(6.30)
These spectra have the same limits as for the case of the reflected spectra, 
but with the added proviso that / c —► /c in order to even approach these limits. 
In other words, the output mirror must be a substantial part of the total linear 
coupling in order to see squeezing on the transmitted light. This means that a lot of 
light will be reflected from the cavity and consequently the intra-cavity power and 
non-linearity will be very low. The output power will also be low. This can only be 
remedied by an abundance of incident laser light.
6.3.2 Before modelling the experim ent ...
Before we can use these equations to model the experiment, there are a number of 
tasks remaining. These include incorporating into the model the loss seen by the 
second harmonic inside the crystal. If this is not done, the squeezing and second har­
monic power predictions will be inaccurate. Secondly, before we can use Eqn. (6.26) 
to predict the squeezing spectrum, we must find the operating value of a which 
corresponds to the mean cavity mode amplitude in the laboratory. To do this, we 
must first relate the semi-classical values of the input and output operators to powers 
in the laboratory, and then solve the semi classical equation for singly resonant SHG.
A ccou ntin g for th e  absorption loss o f  th e  green m od e
Because the cavity for the second harmonic is very low finesse, it has been 
made transparent to the singly resonant theory. It only remains to account for 
the effect of the dissipative loss from the second harmonic as it passes through the 
crystal. Let the proportion of second harmonic intensity lost during one round trip 
be Lahg. Then, the actual squeezing spectrum becomes
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Vahg =  1 + (1 — L.hg){VxBout ~  1) (6.31)
where VxBout is the squeezing spectrum given in Eqn. (6.26). The use of this 
is demonstrated in section 6.5.5.
Solving the semi-classical equations and finding a .
In order to model the experiment, the value of the input operator A\n must be 
found. The relationships between this and similar field operators to the correspond­
ing powers in the laboratory are shown below in Eqn. (6.32). These equations also 
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Transmitted fundamental power (1064 nm)
Reflected fundamental power (1064 nm) 
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( l  - (6.32)
where h, c and A are Planck’s constant, the speed of light and the fundamental 
wavelength respectively, and L,hg is the loss to the second harmonic mode discussed 
previously.
Solving the semi-classical equation for singly resonant SHG now yields the op­
erating value of a. Although this is usually solved numerically because the equation 
is a cubic, it is shown here for reference purposes.
CL =  —/ i a 3 — KO. +  ^ 2 K in  A i n
= 0 for steady state (6.33)
The semi-classical values of the reflected and transmitted fundamental, and 
second harmonic output operators can be found from
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Arefl =  y/%Kin & — A{n 
Aout ~  \/2/cöüt oc
Bout = y/Ji a2 (6.34)
The corresponding powers can then be found from Eqn. (6.32) above, and 
compared to the experimental values.
6.4 T he design o f th e  second harm onic generator  
crystal
The crystal we used was made from Magnesium Oxide doped Lithium Niobate 
(MgOiLiNbOa). Recent work in other groups [21] indicated that this material was 
robust and low loss. It is not hygroscopic, and has non-critical type I phase match­
ing [11] and a high non-linearity, and was thus very convenient. The crystal was 
cut and polished by CSIRO Australia. [81] It was then coated by Laser Zentrum in 
Hannover, Germany. [24]
A diagram of the crystal used is shown in Fig. 6.2. The dimensions along the x, 
y and z crystal axes respectively are 5.5, 12.5 and 5.5 mm. The radius of curvature 
of the end faces is 14.25 mm. This gives a waist radius of the fundamental mode at 
the center of the crystal of 32.8 fim. The front and back coatings have reflectances at 
the fundamental wavelength of 99.60% ±  0.10% and 99.90% ±  0.03% respectively, 
while the reflectances at the second harmonic are 4% and 99.9% respectively.
Our goal was to achieve good non-linear interaction and a conversion efficiency 
of at least 50%. At the time, we had limited numerical models and little experi­
ence with designing second harmonic generators, and guesses were made as to the 
behaviour of the non-linearity strength. By numerically modelling the behaviour of 
the crystal, the above parameters were decided on for the reasons discussed below.
The physical dimensions were chosen because the resulting waist was small 
enough to give sufficient intensity with the laser power available to make the non­
linear interaction much bigger than the estimated crystal losses, but not so small 
that it made mode matching into the crystal intractable with the available lenses. 
The crystal length was chosen to give the optimal interaction path length for the 
SHG process.
All the reflectance values except that for the front of the fundamental cavity,
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Waist radius = 32.8|jm
w = 5.5 mm 
(x-axis)
h = 5.5 mm 
(z-axis)
I = 12.5 mm 
(y-axis)
ROC = 14.25 mm
Figure 6.2: Diagram of the monolithic crystal.
This figure shows dimensions and axes of the monolithic crystal we used in our SHG 
experiments. The z-axis (optic axis) is vertical.
were either the highest or lowest available for the dual wavelength coating required. 
The remaining front reflectance for the fundamental was chosen because together 
with the other values, it allowed good coupling into the crystal for the laser power 
available, while being high enough to give sufficient circulating power to give a strong 
non-linear interaction.
The crystal was mounted inside a copper oven which contained a second 
macore1 case which electrically insulates the crystal from the copper. This was 
done so that electrical signals could be applied directly to the crystal from within 
the copper oven. This oven was maintained to within a precision of 0.001 degrees 
C of the phase matching temperature of the crystal, which was approximately 120 
degrees C. (Absolute temperature measurement to this precision is difficult and has 
not been done.)
1 Later the macore was exchanged for teflon to reduce acoustic resonances.
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6.5 E xperim ents and R esu lts
6.5.1 Experim ental arrangement
The experiment is shown in Fig. 6.3. The laser and mode cleaner are described in 
section 3.1 and chapter 5, and will not be discussed further here except to say that 
the in-built noise eater in the laser was not used for our experiments because at the 
frequencies of interest, it actually added more noise. (See section 3.1.) The reflected 
light from the input mirror of the mode cleaner is used to lock it as explained 
in section 3.8. The output of the mode cleaner passes through an electro-optic 
modulator, which adds the phase modulation necessary for locking the crystal, a 
glass plate and a dichroic beam splitter. It is then incident on the monolithic 
crystal. The glass plate diverts a small amount of the infra-red light reflected from 
the crystal for locking purposes. The second harmonic produced in the crystal 
returns along the same path as the incident fundamental, and is separated from it 
using two dichroic beam splitters. It is then incident on a balanced detector, the 
total quantum efficiency of which is 65 ±  5%. The transmitted light from the 
crystal is also detected for diagnostic purposes. A balanced detector of efficiency 
85 ±  5% was also placed in the transmitted beam at one stage to test for squeezing 
on the transmitted field, although this is not shown on the diagram.
6.5.2 Performance
Powers and efficiency
The performance of the crystal surpassed our expectations of conversion effi­
ciency, and output power.2 The operating parameters are listed below.
Maximum conversion efficiency: 70 ±  5%
Maximum output power at 532 nm: 85 ±  5 mW.
Phase matching temperature: 120 ±  5 degrees C.
Temperature change to adjacent phase matching condition: 0.9 degrees C.
The temperature and phase matching behaviour of the crystal appeared to 
change slightly every time the apparatus was reconstructed. An unsettling con­
clusion we drew from this is that the process of cooling and re-heating the crystal 
was gradually changing its properties, although a more likely conclusion is that the 
controller was changing its temperature reference slightly each time. There was al-
2maximums occurring independently




























Figure 6.3: SHG experimental arrangement.
This figure begins with the laser source at the left, the output beam of which is incident on 
the mode cleaner. Light reflected from the mode cleaner is used for locking purposes. The 
output from the mode cleaner continues through a phase modulator, and then through 
various optics to the monolithic crystal. The second harmonic returning along the same 
path is diverted by two dichroic beam splitters and incident on a balanced detector, where 
it is monitored by the spectrum analyser. Reflected fundamental from the SHG cavity 
is used to lock the crystal. Mode-matching lenses are also shown. In the inset, the 
positions and values of these lenses are shown. A/2 = half wave plate, EOM = electro- 
optic modulator.
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ways several temperatures in the vicinity of 120 degrees C, often four or five, which 
produced second harmonic generation, although only one or two with high conver­
sion efficiency. If there were two, then usually only one produced good squeezing. 
Oddly, this temperature was usually the one of the two with lower conversion ef­
ficiency. The explanation we have for this at the present time is as follows. [82] 
Under normal phase matching conditions, there should be one temperature giving 
large conversion efficiency, and several smaller ones either side. However, the dif­
ference in phase shift occurring to the second harmonic beam and the fundamental 
beam at the high reflectance mirror at the rear of the crystal causes a disturbance to 
the phase matching conditions, causing this large central peak to be split into two, 
neither of which have optimum phase matching conditions. We also believe that at 
one of these points, these new phase conditions give rise to a Kerr effect causing the 
amplitude squeezing to be degraded. This effect is not the same on both of these 
temperatures of good conversion due to asymmetries in the system.
Thermal bistability
One feature which became very apparent upon aligning and scanning the sec­
ond harmonic generator was that of thermal bistability. Fig. 6.4 shows pictures of 
scans of the transmitted fundamental from the second harmonic generator. This 
was produced by scanning the laser (or the crystal using the electro-optic effect) 
using a triangle wave as input. The broad peak is the resonance when scanned in 
one direction, and the narrow peak is for scanning in the reverse direction. The 
reason for the difference is that as the crystal is brought into resonance, the circu­
lating power and the amount of conversion to the second harmonic increases, the 
resulting absorption in the crystal causing it to heat which then shifts the resonant 
frequency. When sweeping in the first direction, this extends the resonance, and 
in the other it shortens it. When locking the crystal, this bistability effect places 
certain restrictions on the roll-off parameters of the locking loops and requires that 
the locking loops have sufficient range to track the resonance of the crystal as it 
wanders due this effect. This is one of the reasons why the slow controller of the 
laser was also connected into the locking loop, as the fast controller alone did not 
have the range to compensate for this.
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Figure 6.4: Picture showing therm al bistability seen in the crystal.
A marked asymmetry is seen as the crystal resonance is scanned. In one the resonance 
peak is much broader than in the other. This is due to the local heating of the interaction 
region of the crystal, causing a change in its resonant frequency. In one scanning direction 
this has the effect of elongating the scan profile, while shortening it in the other.
6.5.3 Experim ental squeezing spectra
W ith o u t  th e  m o d e  c lean e r
Using the first configuration described above, squeezing was observed on the 
second harmonic. Fig. 6.5 shows the experimental traces taken for the case of the 
mode cleaner not used. Trace (i) is the plus trace from the balanced detector and 
trace (ii) is the minus trace showing the quantum  noise level. The difference in 
these traces is the observed squeezing. Trace (iii) is the electronic noise floor of the 
balanced detector, taken with all systems running but the incident beam onto the 
detectors blocked. The maximum observed squeezing seen here is 0.47 ±  0.05 dB, 
occurring at about 22 MHz. The operating powers of the system measured at the 
time this trace was taken are given in the figure caption.
W ith  th e  m o d e  c lean e r
Fig. 6.6 shows the experimental traces taken using the mode cleaner to remove 
excess noise from the laser light before entering the crystal. The trace labelling is
CHAPTER 6. SECOND HARMONIC GENERATION 137
O -66-
FREQUENCY {MHz}
Figure 6.5: Experimental squeezing spectra without the mode cleaner.
Trace (i) is the plus trace, (ii) is the minus trace, the difference showing a squeezing of 
0.47 ±  0.05 dB at about 22 MHz. Trace (iii) is the electronic noise floor. The operating 
powers are P, = 63.7±0.5 mW, Pr = 24.2±0.5 mW, Pt = 4.11±0.05mW  and Pg — 38±1 
mW.







Figure 6.6: Experimental squeezing spectra with the mode cleaner.
Trace (i) is the plus trace, (ii) is the minus trace, the difference showing a squeezing of 
1.15 ± 0.05 dB at about 11 MHz. Note that trace (ii) is clipped due to the lower screen 
limit of the spectrum analyser. Trace (iii) is the electronic noise floor. The measured 
operating powers are Pi = 50 ± 1 mW, Pg — 25 ±  1 mW.
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exactly the same as that for Fig. 6.5. The improvement in the squeezing is very clear. 
Considerably more squeezing, 1.15 ±  0.05 dB, is obtained and at a lower detection 
frequency of around 11 MHz. We believe the noise appearing on the plus trace is 
due to acoustic resonances in the crystal. We also believe that this was aggravated 
by the fact that a macore case was used to support the crystal. Macore being a 
hard ceramic, would reflect acoustic waves well, and allow the crystal to resonate 
acoustically.
Fig. 6.7 shows the plus and minus traces taken when a balanced detector was 
placed in the transmitted fundamental. The mode cleaner was not used when this 
trace was taken. There is clearly no squeezing. This is not surprising because the 
transmitted power is so low, thus most of the squeezing is appearing at the port 
of greatest loss, the second harmonic. Note however, that even though the mode 
cleaner was not in operation when this traces was taken, there is very little noise 
evident on this trace. This is largely due to the filtering effect of the fundamental 
cavity of the second harmonic generator. The large peak shown in the plus trace is 
due to the locking signal.
6.5.4 Further Improvements
N ew  exp erim en ta l arrangem ent
At this stage improvements were made to the experiment to increase the 
squeezing observed on the second harmonic, and also to gain access to the squeez­
ing on the reflected fundamental. This required a rearrangement of the experiment 
shown in Fig. 6.8. The Faraday isolator was removed from its place near the laser 
and inserted between the mode cleaner and the second harmonic generator. This 
was done to facilitate the extraction of the reflected fundamental from the crystal 
without it having to pass back through the mode cleaner only to be attenuated by 
the losses therein which would diminish the squeezing. It was possible to move the 
isolator without endangering the laser because the only real risk of back reflection 
into the laser was from the SHG cavity via the reverse mode of the mode cleaner. 
Since the Faraday isolator was still before the SHG cavity, it still protected the 
laser against this possibility. The mode cleaner itself being a ring, presented no 
direct back reflection. The first polariser in the isolator was removed and replaced 
with a polarising beam splitter allowing a better angle of access to the reflected 
light. After passing through a variable attenuator (half-wave plate and a polarising 
beam splitter), this light was incident on a balanced detector, of quantum efficiency
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Figure 6.7: Experimental spectrum of transmitted light, without mode cleaner. 
Trace (i) is the plus trace, (ii) is the minus trace. No squeezing in apparent.
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Figure 6.8: Improved SHG experimental arrangement.
This figure is similar to that shown in Fig. 6.3 with the following exceptions. The Faraday 
Isolator has been moved from its normal place in front of the laser and placed behind the 
first dichroic mirror. Then end polariser of the isolator has been replaced with a polarising 
beam splitter allowing easy access to the reflected light from the crystal. This reflected 
beam is then incident on a balanced detector via a variable attenuator consisting of a half 
wave plate and another polarising beam splitter. The reflected fundamental squeezing 
was also monitored on the spectrum analyser. Also, the crystal mounting arrangements 
were changed in order to reduce the amount of acoustic noise present on the squeezing 
spectrum. This involved changing the inner macore case for a teflon case. A/2 = half wave 
plate, EOM = electro-optic modulator, PBS = polarising beam splitter, SP = splitter.
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85 ±  5%. The signal from this detector was used both for locking and to look for 
squeezing on the reflected beam. The electro-optic modulator was removed and the 
electro-optic effect in the crystal itself was used to produce the necessary side-bands 
to lock the crystal. (For more details regarding the locking procedure see chapter 3.) 
In addition, the macore case inside the copper oven was replaced with teflon in an 
attempt to reduce the acoustic resonances seen on the second harmonic spectrum. 
Our reasoning was that teflon was much softer than macore and absorbs acoustic 
energy rather than reflects it.
Im proved squeezing sp ectra
Typical uncorrected squeezing traces for this second experimental arrangement 
are shown in Fig. 6.9. The increase in squeezing is clearly visible, reaching 1.37:4:0.05 
dB at about 11 MHz. Also, comparing this to Fig. 6.6 the number of acoustic reso­
nances has clearly decreased.
R eliab ility
Fig. 6.10 shows the results of a reliability test. The top and bottom traces are 
the “minus” and “plus” signals from the balanced detector in the second harmonic 
beam. They show about 1.1 dB observed squeezing. They were taken over a time 
period of 5 hours. Not only this, but sections of each trace were taken at different 
times, yet no discontinuities are visible. This demonstrates the reliability of this 
squeezing system.
Squeezing from th e  reflected  beam
The experimental traces taken using the light reflected from the crystal are 
shown in Fig. 6.11. Clearly the squeezing is very limited, but visible. Trace (i) 
is the plus, (ii) is the minus and (iii) is the electronic noise floor. A squeezing of 
0.15 ±0.05 dB is visible across most of the frequency spectrum. Although this seems 
odd that it is so broad-band, it is very reproducible. It was discovered later that 
the Faraday isolator was causing a clipping loss of about 20%, thus reducing the 
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Figure 6.9: Squeezing spectra of improved SHG experiment with the mode cleaner. 
Trace (i) is the plus trace, (ii) is the minus trace, the difference showing a squeezing of 
1.37 ± 0.05 dB at about 11 MHz. Trace (iii) is the electronic noise floor. The measured 
operating powers are Pi = 77.8 ± 0.5 mW, Pg = 33 db 1 mW.
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Figure 6.10: Reliability plus and minus traces.
The top trace is the minus, the bottom is the plus. They show a typical observed squeezing 
of 1.1 dB at a detection frequency of 11.16 MHz, which translates to about 2.2 dB inferred, 
and were taken over a period of 5 hours, clearly demonstrating the reliability of the 
squeezed source. The difference between business and after hours operation is clearly 
visible! This is due to the difference in ambient noise levels.
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Figure 6.11: Squeezing on the reflected fundamental.
Trace (i) is the plus trace, (ii) is the minus trace, showing an observed squeezing of 
0.15 ± 0.05 dB on the reflected beam, across most of the frequency range shown. The 
measured power levels are Pi = 77.8 ± 0.5 mW, Pr = 20 ±  1 mW.
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6.5.5 Comparison to theory
C orrecting exp erim en ta l data
Before we can compare the experimental squeezing measurements to the the­
ory, we must correct the data for the electronic noise floor and for the quantum 
efficiency of the balanced detector, rj. Below we explain this procedure in detail, 
from the time of taking the measurement, to the final correction.
When the plus and minus traces and the electronic noise floor are measured 
on the spectrum analyser, they are usually viewed on the screen with a scale in dB, 
often with reference to a particular power level such as lmW, the dBm scale. We call 
the difference we see between the plus and minus traces the “observed squeezing”. 
These traces are then down-loaded to a computer for analysis. Let us suppose that 
we have done this and converted all three traces to linear form. Let them be 5+, 
S_ and Sn respectively. The difference between the plus and minus traces on the 
spectrum analyser corresponds to the ratio
£
Observed Spectral Value = —-  (6.35)
This ratio is the uncorrected value of the squeezing spectrum. We now wish to 
find the corrected value. Firstly, we compensate for the proximity of the electronic 
noise floor. This is necessary because the electronic noise floor will be closer to 
the plus trace than to the minus trace (if you have squeezing that is!), and thus 
its influence on each is different. The result of the electronic noise is to reduce the 
observed distance between the plus and minus traces, thus reducing the amount 
of observed squeezing. This effect is greatly reduced by having a large difference 
between the level of the electronic noise floor and those of the plus and minus traces, 
although this is not always possible. Since the linear spectra considered above are 
noise-power-spectra and the electronic noise is uncorrelated, this correction simply 
entails subtracting the electronic noise floor from both plus and minus traces. If at 
this stage the resulting spectra were converted back into the same dB scale as used 
on the spectrum analyser, the difference between them would be greater. We refer 
to these spectra as the corrected plus and minus traces. Their ratio is now
q _  o
Noise Corrected Value = —-----(6.36)
o -  —  u n
Secondly, we must compensate for the inefficiency of the balanced detector. 
While this inefficiency reduces the level of both traces due to a general loss in power,
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there is an another effect on the squeezed plus trace because of the mixing of extra 
vacuum noise. This makes the plus trace more noisy than it would have other wise 
been. The same effect is not seen on the minus trace because apart from the shift 
due to power loss mentioned above, its noise level can not be changed by mixing 
in more vacuum noise. The overall effect again reduces the observed squeezing. 
We correct the ratio shown above in Eqn. (6.36) for this effect by first taking the 
difference from unity, giving what is often referred to as “the squeezing”, and then 
simply increasing it by a factor of rj~l . The new spectral value is then found by 
subtracting this new level of squeezing from unity.
Thus in summary, to obtain the inferred squeezing spectrum Vexp from the 
experimental plus, minus and electronic noise traces defined above, we use the fol­
lowing formula.
V— =  1 -  * - , ( i  -  f r i r f ; )  ( 6 -3 7 )
Note that rj must also account for the loss in the beam splitter, lenses and any 
other optics placed in the second harmonic (or fundamental) beam.
C om parison o f squeezing data
Using Eqn. (6.37) above, the inferred squeezing from both Figs. 6.5 and 6.6 is 
shown in Fig. 6.12, traces (i) and (ii) respectively. The inferred squeezing from the 
experiment without the mode cleaner is 0.74 ±  0.09 dB again occurring at 22 MHz. 
That occurring for the experiment performed with the mode cleaner is 2.2 ±0.1 dB 
occurring at 11 MHz.
Corresponding theoretical traces are also shown for (i) and (ii) above, (iii) and 
(iv) respectively. Only trace (iii) was fitted. This was done by setting the input 
power level to the SHG in the theoretical model to the experimental value, setting 
the loss to the second harmonic to the rated value, and adjusting a set parameters 
to obtain a good fit to the squeezing curve, while maintain the frequency of the laser 
relaxation oscillation at the correct value of 510 ±  5 kHz. These parameters and 
their values are listed in table 6.1.
After this, the only things which are changed to model another experiment 
are the input power levels, and whether or not the mode cleaner is used. We can 
see from curve (iv) of Fig. 6.12 that this agreement is certainly good in the area of 
uniform squeezing. Where the acoustic resonances are however, it does not appear 
to follow the trend of the lower points of the experimental trace. However, this does
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FREQUENCY {MHz}
Figure 6.12: Inferred squeezing from SHG experiments, and theory curves. 
Trace (i) and (ii) are the inferred squeezing from Figs. 6.5 and 6.6, obtained by using 
Eqn. (6.37). The balanced detector efficiency is rj = 0.65. The maximum squeezing seen 
in these two curves is 0.74 ± 0.09 dB and 2.2 ± 0.1 dB occurring at 22 MHz and 11 MHz 
respectively. Curve (iii) is the theory trace obtained from the model when it is fitted to 
the experimental curve (i), by adjusting the parameters shown in table 6.1. Trace (iv) 
is the theory curve obtained when the mode cleaner was included in the model and the 
powers adjusted accordingly.
CHAPTER 6. SECOND HARMONIC GENERATION 149
FREQUENCY {MHz}
Figure 6.13: Inferred squeezing from improved SHG experiments, and theory curves. 
Trace (i) is the inferred squeezing from Fig. 6.9. Again the balanced detector efficiency is 
ri = 0.65. The maximum squeezing seen in 2.5 ±  0.1 dB occurring at 11 MHz. Curve (ii) 
is the corresponding theory trace.
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Table 6.1: SHG and laser parameters to fit theory and experiment.
Parameter Symbol Fitted Value
Monolith 1064 nm
SHG input Refl R in 0.9963
SHG output Refl R o u t 0.9987
Absorption L 0.0025
Monolith 532 nm
Absorption L , 0.025
Nonlinearity P 0.01015 s~1
Laser params
Linewidth K 2.66 x 108 s ' 1
Mirror coupling 2.93 x 107 s - 1
Loss coupling Ki 2.36 x 108 s -1
Pump noise Vp 66 dB
Pump rate r 8.52 s ' 1
not mean the fit is incorrect, as the acoustics resonances could easily render the 
inferred squeezing traces very much above the theoretical values.
Also shown in this is the squeezing predicted by the theory for no laser noise, 
(v). This shows that the mode cleaner is allowing the experiment to approach the 
no-noise theory curve almost perfectly in the region of uniform squeezing. This 
implies that nothing more could be gained by improving the mode cleaner, while 
not attempting to reduce the acoustic resonances which are still masking the only 
area where even more squeezing could be observed. This is why the macore case 
was replaced with a teflon case as discussed previously in section 6.5.4.
Fig. 6.13 shows the inferred squeezing spectrum for the improved experimental 
results shown in Fig. 6.9. Also shown is the corresponding theory trace. In this 
figure, the agreement is even more convincing than in Fig. 6.12. We can see that 
the shape and level of the squeezing region is matched almost perfectly.
6.6 D iscussion  and C onclusion
The monolithic crystal has performed beyond our initial expectations. We have 
obtained second harmonic output powers of up to 85 ±  5 mW, and conversion effi­
ciencies of up to 70 ±5%. We have also obtain inferred squeezing levels up to 2.5 dB 
at second harmonic powers of 33 ±  1 mW. The theoretical model we have developed, 
using the cascaded formalism, accounts for all noise sources in the system, and gives
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excellent agreement between experiment and theory.
Further work includes designing second harmonic generators of lower loss. This 
could easily be done by keeping all the design parameters for the monolith the same 
as in section 6.4, except decrease the length of the crystal. Preliminary modelling 
shows that the theoretical squeezing curve improves from a DC value of 3.6 dB for 
this system of length 12.5 mm, up to about 4.7 dB for a crystal with a length of 
7.5 mm, even when the interaction is reduced by the correct factor because of the 
decrease in length. The linewidth also increases by a factor of nearly 2, making 
the squeezing more accessible by moving it beyond the region of the low frequency 
noise.
Chapter 7
Combining SHG and feedback
7.1 Summary and Introduction
In this chapter we apply the techniques of electro-optic transfer of squeezing to 
second harmonic generation as it has been developed in chapter 6. There are two 
ways in which this is done. Firstly, continuing on from where we left off in chapter 4, 
we use the second harmonic generator as a sub-Poissonian source to drive an electro- 
optic feedback loop. This is done by using the balanced detector in the second 
harmonic beam of the SHG experiments as in-loop and out-of-loop detectors for a 
feedback loop, which is completed by an amplitude modulator placed in the pump 
beam to the second harmonic generator or in the second harmonic beam itself. We 
refer to these two schemes as “frontal” and “external” modulation. As discussed in 
the introduction, we refer to this as “green-green feedback”. The second method in 
which SHG lends itself to the electronic transfer of squeezing is that of “cross-colour 
feedback”, using one output of the SHG as the in-loop beam, and another usually at a 
different wavelength, as the out-of-loop beam. This is potentially a more interesting 
experiment as it demonstrates the potential of improving the squeezing from SHG 
systems. This can again be performed for either frontal or external modulation.
The green-green experiments we performed demonstrate that electronic trans­
fer of squeezing works in practise. We observe a decrease of 0.15 ±  0.05 dB in the 
noise spectrum of the out-of-loop beam of the feedback loop when using the squeezed 
second harmonic from our SHG experiment as a source, and frontal modulation. We 
also find that this agrees with the theoretical predictions, which are made using the 
equations developed in chapter 4 on the simple feedback loop, even though this is 
only an approximation for the frontal modulation case.1
1This is because the frontal modulation technique causes the sub-Poissonian source, in this case 
the SHG squeezer, to be inside the feedback loop itself. Thus this changes the characteristics of 
the source itself. However, for the small gains which we are using, this change is extremely small.
152
CHAPTER 7. COMBINING SHG AND FEEDBACK 153
We also present the results of both theory and experimental work concerning 
cross-colour feedback. The theory for this involves recasting the SHG equations 
to include the effects of feedback via frontal modulation. The effects of feedback 
produced using an amplitude modulator in the input beam of the SHG are ex­
amined. This involves using the produced second harmonic to feedback onto the 
transmitted fundamental and vice versa. Using SHG in a feedback loop in such a 
way can be thought of as replacing the beam splitter in a simple feedback loop with 
a non-linear beam splitter. It does something that a linear beam splitter cannot 
do; it produces correlations at the quantum level between its two output beams for 
a Poissonian input.2 While we did not expect our current SHG design to produce 
cross-colour feedback results, we nevertheless present the results of the search for 
cross-colour feedback. This search included firstly observing the effects of feeding 
back the transmitted fundamental on the produced second harmonic, and then in a 
second set of experiments, examining the correlation between the produced second 
harmonic and reflected and transmitted fundamental. Correlations were found be­
tween the reflected fundamental and the produced second harmonic, but they were 
not sufficiently large to allow information from one beam to be used to subtract 
sufficient noise Horn the photodetector signal of the other to bring it below the 
quantum limit. Hence there were insufficient correlations to perform cross colour 
feedback.
In section 7.2 we discuss the theoretical predictions for the green-green feed­
back. We also recast the SHG equations to include the effects of cross-colour feed­
back. This is an extension of the work presented in reference [80]. Following this 
in section 7.3 we describe the adaptions of the SHG experimental arrangements to 
perform feedback experiments, and present the results of our findings. These are 
discussed in section 7.4 and further work is outlined.
7.2 T heory o f electro-optic  squeezing transfer
7.2.1 The simple feedback loop
In chapter 4 we hinted that when a simple feedback loop is used with an already 
squeezed source, squeezing can be transferred from the in-loop to the out-of-loop 
beam. Although, as it must be pointed out, this process cannot produce more
2 Note that a nonlinear beam splitter could be any device used for the purpose of creating 
nonclassical light. This also includes the OPO [83, 27], but SHG was chosen for the reasons 
outlined in section 1.4.
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squeezing than the original source, it has novel uses such as decreasing the coherent 
amplitude of a squeezed state while retaining most of the squeezing in the operating 
region of the feedback loop.
The effect can be intuitively understood as follows. The squeezed source gives 
rise to a stream of photons which is more regular than the normal Poissonian distri­
bution associated with a coherent source. At the beam splitter, the photons divide 
at random. Consequently, each of the two resulting beams is not as regular as the 
source beam. This can be thought of as adding the vacuum noise incident on the 
unused port of the beam splitter. However, if a photon is detected at the in-loop 
detector, then it cannot be detected at the out-of-loop detector, and vice versa. Be­
cause less than half of the noise added to both these fields is due to the original noise 
in the source beam, this partition effect of the beam splitter, causes the two beams 
to be anti-correlated. Similarly, the photocurrents at the two detectors are then 
anti-correlated. Hence, the squeezing at the out-of-loop detector can be improved 
if the fluctuations seen in the in-loop photocurrent are applied to an amplitude 
modulator in the source beam. This is shown in Fig. 7.1a and b. These graphs 
show the in-loop and out-of-loop photocurrent noise values at any given detection 
frequency for varying gain, case (a) for negative feedback, and (b) for positive feed­
back. Clearly negative or stabilising feedback causes the in-loop photocurrent to 
become quieter while the out-of-loop photocurrent becomes more noisy just as in 
the case for a Poissonian input discussed in chapter 4. However, because there is an 
anti-correlation between the in-loop and out-of-loop beams, positive or destabilising 
feedback causes the in-loop beam to become more noisy while the out-of-loop beam 
becomes more squeezed for a certain region of feedback gain less than unity. Thus 
the squeezing is being transferred from the in-loop beam to the out-of-loop beam. 
Note that since the gain required is less than unity, the feedback loop remains stable. 
The equations used to plot these graphs are Eqns. (4.15) and (4.17).
7.2.2 Feedback on singly resonant SHG
We now discuss the possibility of feedback applied to a singly resonant second har­
monic generator system. Several experimentally feasible possibilities exist. There 
are three outputs from the second harmonic generator which are in theory squeezed; 
the second harmonic, and the transmitted and reflected fundamental beams. Any 
one of these can be used as input to a feedback loop to enhance the squeezing on 
one or both of the other two. Also, there are several methods of applying the feed­
back signal to the system including applying it to an amplitude modulator before
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Figure 7.1: Squeezing transfer using simple feedback loop.
(a) shows the effect of using negative or stabilising feedback with an already squeezed 
source for varying feedback gain magnitude. Trace (i) is the in*loop noise floor which 
becomes less noisy as in the case of Poissonian input. The out-of-loop noise floor we see 
accompanying this in trace (ii) rises as a result of the negative feedback, also similarly to 
the Poissonian input case, (b) is the case for a positive feedback loop. The in-loop noise 
floor rises as expected, but the out-of-loop noise floor falls to a m inim um  values before 
rising again as the gain approaches unity. For these plots, the squeezing on the original 
source was 7 dB, being reduced to 2.2 dB in each arm of the feedback loop. The m inim um  
in the out-of-loop noise traces gives a squeezing of 4.8 dB.
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the second harmonic generator (frontal modulation), or applying it to an ampli­
tude modulator placed in the out-of-loop beam of interest (external modulation). 
However, here we will examine the cases of frontal modulation using the second har­
monic and transmitted fundamental as the in- and out-of-loop beams and vice versa.
T h e in -loop  fields, and th e  im p ortan ce o f losses
It was demonstrated in section 4.2 that the losses in the in-loop detector allow 
vacuum fluctuations to leak into the feedback loop which cause the addition of 
extra noise. It was modelled by introducing fictitious fields constructed from the 
fields incident on the detectors and the vacuum fields, as illustrated by the inset in 
Fig. 4.1. This must be done here also. Given below are similar fictitious fields for the 
detectors placed in the transmitted fundamental and the second harmonic. Both of 
these detectors were used in a feedback loop at some stage. The quantum efficiency 
of the detector used in the second harmonic beam is Tjgi and in the fundamental 
beam is rjr.3
A d  —  y / f f r  -A o u t  “I" f y  1  ^ v
B D =  V ia  + *\/l -  Vg Bv (7.1)
Linearising, converting to quadratures and to the Fourier domain,
f i X  AD  — y/V r fiX jLout “I" i y l  Vr f i X ^ v
SXbd = + V1 -  % (7.2)
The photocurrents are
It — & A\)Ad
/ ,  =  <rB'DBD (7.3)
and their linearisations are
filt = (tA*dSAd + (tAd SAp
3Note that it does not matter whether these “detectors” are single detectors or balanced detec­
tors used in summation mode.
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=  (tA d S X jld
8Ig — ctB*d8Bd + <j Bd8B\) 
=  itB d S X b d (7.4)
where <r is a constant.
Consider Fig. 7.2. The driving field A\n passes through an amplitude modu­
lator where it is attenuated by a factor 6 resulting in the field AJn, which is then 
incident on the second harmonic generator. As in the non-feedback singly resonant 
case we have the same fundamental reflected, output and reverse beams, Are//, A ^  
and Ar«« respectively, and the same second harmonic output and reverse beams 
Bout, and Brev. The equation of motion for this system is similar to the case for no 
feedback, Eqn. (6.7), except that A'in appears instead of Atn.
a = —^ a ?  — na + y/2Kin A'in +  \ /2 /w  Arev + y/2Äcj A/ + 2V//I a^Brev (7.5)
Similarly to the case of simple feedback as discussed in section 4.2, A'in contains 
a vacuum noise term as a result of the amplitude modulation. However, as discussed 
shortly thereafter, the linearisation
0 = 0  + 80 (7.6)
shows that this noise term is not important for the small fluctuation analysis 
and can be removed from the equations by setting 0  = 1.
Thus after linearising the equation of motion for the system we obtain
8a = —^ i(2aa*8a + a28a*) — k8a + yj2/c/n 8A{n -f y/2/Cjn Ain80
+y/2Kout 8Arev -f- \ / 2 k i  8Ai + 2y/JL a8Brev (7-7)
We now assume as before that the semiclassical values are real, and convert to 
quadratures.
8Xa = -2 fia 28Xa -K 8 X a + y /2^~ 8X Ain + V 2 ^ ~ Ä in(80 + 80')
+y/2Kaut 8XArev -f \/2ki 6XAi -f 2y/Ji aSXßrev (7.8)






Figure 7.2: Schematic of SHG feedback system using frontal modulation.
The driving field Ain passes through an amplitude modulator where it is attenuated by a 
factor 6. Consequently, the field incident on the second harmonic generator is A'n. The 
fundamental reflected, output and reverse beams are Are//, and Arev respectively, 
and the same second harmonic output and reverse beams B ^ ,  and Brev. The feedback 
case shown here is for transmitted fundamental feeding back onto the modulator, its effect 
on the second harmonic being monitored by a balanced out-of-loop detector.
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To continue further from here, we need to expand the feedback terms as func­
tions of the feedback fields, and thus we need to treat each case separately.
Second harm onic as feedback signal
We first consider the case of using the signal generated bom the second har­
monic to control the frontal modulation. Feedback is introduced using the following 
integral.
fo o
0 =  k(s)Ig(t — s)ds (7.9)
Jo
As before, the parameter k(s) represents the response function of the feed­
back loop in time embodying roll-off and thus storage, and time delay. The small 
fluctuations are
too
SO = k(s)8Ig(t — s)ds 
Jo
poo
SO SOt = 2o' / k(s)BDSXBD(t — s)ds 
Jo (7.10)
We can now substitute into Eqn. (7.8) and take the Fourier transform.
—iujSXa = —3fia75Xa — nSXa + V^^in SXxin + \5 X bd
+ V ^ W  SXjirev + y/2iTl SXaI + %>/& OcSXßrev (7.11)
where
\  = 2<7yj2ninr}g Äink ( u (7.12)
Using Eqn. (7.2) to expand SXbd and the boundary conditions (6.15) to sub­
stitute for SXßout, we obtain
fi-Xa =  {V2/Cin SX-Ain  +  \/2/W  S X Arev + ~*l S X A l  +  (2y f ß  a  -  y j j ) g  Ä)£Xßret,+
»Ä^l — rjg S X b v }  /  {* -  iv  + 3fia2 -  2a./JIr^ A} (7.13)
Comparing Eqn. (7.13) with the no-feedback case, Eqn. (6.12), we see that the 
only additional terms are those relating to the feedback process.
Using Eqn. (6.15) to find SX -A out, we obtain
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S X A o u t — K outK in  ^ X j ^ i n  4~ (2/c^  n  4" Q fioi 4" 2av/ fiTjg A)<S-X^i4reu4- 
2y/^out^l fo X x i ( 2 y 2 / C O  2^^ >out^ )g X)^ X ß re v ~\~ 
iA^/(l -  rjg)2nout j  /  |/c -  tu; 4- 3/xa2 -  2a^ftnfg A} (7.14)
The transmitted amplitude spectrum is then
VAout = {4KautKinVAin + |2#c^ -  /c 4" «*/ -  3/m2 + 2a^JTrfg A|2-f-
4/Cout«/ 4" |2^2/C out [I Ot yJ^K o m t^g  A| 4* (1 /^p)2/Cout|Ä|  ^ /
|/c — iu> 4- 3fia2 — 2(XyJ\iT]9 A|2
i , J K in {V Äin -  1) -  HQ2 4- ||A |2= 1 4- 4/c^-----------------------------
|/c — iu  4- 3/m2 — 2ayyfirjg A|2
(7.15)
Exam ple of a simplified case
Let us examine the case where /c*n = «<*** = /c/2 and there is no input noise or 
dissipative loss in the system, Vxin = m = 0. Hence
V Aout 1 +
—2/c/m2 4- /c|Ä|2 
|/c — iu> 4- 3/m2 — 2a^JfiT]g A|2
(7.16)
We see here that positive feedback (A > 0) can increase the squeezing at zero 
frequency by making the denominator of the second term smaller. This also has the 
effect of making the linewidth of the resonance smaller. Notice also the feedback 
dependent term in the numerator. This term represents the noise inherently added 
to the spectrum because of the feedback process.
T ransm itted  fundam ental as feedback signal
For the case of the transmitted fundamental being used as the feedback signal 
source, the feedback function is
k(s)It(t — s)dse (7.17)
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where k(s)  is defined as before. Hence
too _
80 -+■ 60  ^ =  2cr / k[s^Ai)6Xj^D{i ~  s)ds (7.18)
Jo
Substituting as before into Eqn. (7.8) and taking the Fourier transform  gives
— iujSXa = —3\lO?6Xa — K,SXa + \/2/Cjn SXjiin -f \S X ad
+  \/2/Cout SX-Arev +  \ /2 k/ SX-Al +  2y//Z a 6Xßrev (7.19)
where
A 2<T\j2KinT]r A i„k(u)Ac (7.20)
Using Eqn. (7.2) to expand S X ad ajid the boundary conditions (6.15) to sub­
stitu te  for SXAouti we obtain
SX a — j\/2/Cin SX.Ain + (\/2/Cout — y/ty X)8XArev + \/2/C/ S X aI + 2^/// aSXBrev + 
iXxJl -  rjr S X AvI /  I«  -  iu> + 3/xa2 -  ^ 2 « ^ ^  A j  (7.21)
Using Eqn. (6.15) to find SXßoutx we obtain
8XBout — ^2ö^2^i/Cjn S X axti "t" (/^ O! K -f ib) ~f" \J^Koutfit \ ) 6 X Brev +
( 2 q y  2 [ I K , 2 a y / J I r j ^  A)<£X Arev~\~
2ayfifLKi S X ai + 2 ia \y jn ( l  -  rjr) ^XAv|  / 
j/c -  iu> + 3/ia2 — ^KoutTjr Ä j  (7.22)
Thus the spectrum is
Vßout ^Sfia7KinVÄin + \fia2 -  K + iu> + y ^ /w ?^  A|2+
\2 a y j2 f iK o u t  -  2 a y / j l r f r  X \2 +  8 f i a 2Ki +  W (  1 -  7/r ) |Ä |2 j  /
\k — iv  -f 3/xa2 — y  2 /c ^ ^  A|2
1 +  8 / / q 2 M K ü n - l ) - M « 2 +  | | A i ;
I IC -  tw +  3/la 2 -  A|2
(7.23)
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E xam ple o f a sim plified case
Consider again the special case where K{n = «out = «/2 and V^m = «/ = 0.
V ß o u t 1 +
—8 /t2a 4 +  4/ta2|A|2
|/C — i(jJ +  3\lO ?  — y/KTJr A|J
(7.24)
Here again, we see positive feedback (A > 0) can increase the squeezing at zero 
frequency by making the denominator of the second term smaller, and thus also 
decreasing the linewidth. The noise term due to the feedback process is also present 
in the numerator as before.
7.3 Experiments and results
7.3.1 Simple feedback experimental arrangement
The way in which the simple feedback loop experiment is incorporated into the SHG 
experiment is illustrated in Fig. 7.3. Comparing this to Fig. 6.8, it can be seen that 
an amplitude modulator has been placed in the input beam to the SHG. Also, the 
two photodetectors forming the balanced detector in the second harmonic output 
have been rearranged to provide two independent signals as well as a combined signal 
which was still used to examine the squeezing of the system. The two independent 
signals became the in-loop and out-of-loop signals. This in-loop signal is used to 
drive the amplitude modulator via a filter and several amplifiers.
The experiment is performed by first optimising the squeezing of the system in 
the usual manner; optimising alignment, phase matching temperature and operating 
power. The squeezing is monitored via the combined signal from the detectors, and 
is done with the feedback loop off. Secondly the out-of-loop signal is monitored for 
varying gains until a small change in noise level is detected. (The round trip gain 
levels used in this experiment were very small - of the order of 0.1 dB.) At this 
stage the in-loop trace is monitored. Since there is no separate output to do this, 
the combined signal from the detectors is used, but with the out-of-loop detector 
blocked. Transfer of squeezing is identified by observing regions of decreased out- 
of-loop noise corresponding to regions of increased noise in the in-loop spectrum.























Figure 7.3: Green-green feedback transfer experiment.
Most components shown here are the same as those shown in Fig. 6.8. The differences are 
that an amplitude modulator has been added before the dichroic beam splitters, allowing 
feedback to be applied to the pump beam of the SHG. The balanced detector has been 
rearranged to provide both a squeezing monitor signal via the normal adder/subtractor, 
and also two independent signals, one of which becomes the in-loop signal, driving the 
modulator via a variable attenuator and an amplifier (1SOMET). The other independent 
signal is monitored by the spectrum analyser. The in-loop signal is monitored using the 
squeezing monitor signal, but also the out-of-loop detector must be blocked.
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7.3.2 Results o f simple feedback loop transfer
Fig. 7.4 shows traces from both the in- and out-of-loop signals. As illustrated in 
Fig. 7.1a and b, a decrease in the noise (ie, an increase in the squeezing) in the out- 
of-loop beam must be accompanied by an increase in the noise in the in-loop beam. 
This is exactly what is seen in these experimental traces at 21 MHz. An increase in 
the in-loop noise of 0.5±0.1 dB, and a decrease in the out-of-loop noise of 0.15±0.05 
dB are seen. Because this effect depends critically on the gain, which must be quite 
small for these levels of squeezing, this effect is very difficult to find. At lower 
frequencies another region of increase in noise in the in-loop trace accompanies no 
decrease in noise in the out-of-loop trace. This could be because there is too much 
gain at this point and the out-of-loop noise has begun to rise again, or it could 
be near to resonances in the crystal. This latter point is actually an important 
consideration, because the crystal is part of the feedback loop itself. Consequently, 
any resonances in the spectrum of the crystal, will greatly effect the feedback loop, 
and it is unclear exactly what that effect would be in this case. The observed 
squeezing level corresponding to these feedback traces was found by monitoring the 
combined signal from the detectors (not shown). This squeezing level was found to 
be 1.10 ±  0.05 dB (inferred 2.1 ±  0.1 dB).
7.3.3 Comparison to the theoretical predictions
Before the feedback results can be compared to theoretical figures, this level of 
squeezing stated above must be used to calculate the value of the no-feedback spec­
trum of the input field to the feedback loop. This was done in exactly the same 
manner as was shown in section 6.5.5. Using Eqn. (6.37) this gives the value of the 
input spectrum to be 0.62 ±  0.01. The next step is to find the open loop gain of the 
feedback loop. This is calculated from the amount of noise increase in the in-loop 
spectrum, as we have found this to be very reproducible from our work in chapter 4. 
Using Eqn. (4.15) and the above stated value of 0.5 ±  0.1 dB noise increase, the 
feedback loop gain is found to be 0.12 ±  0.01 (—9.2 ±  0.4 dB). (This is really an 
attenuation!) Substituting this into Eqn. (4.17) gives an out-of-loop spectrum value 
of 0.86 ±  0.02 dB. This must now be compared to the no-feedback value, which is 
found from Eqn. 4.17, with the gain set to zero, to be 0.88 ±  0.02. The ratio of 
the former to the latter is 0.98 ±  0.02 (—0.1 ±  0.1 dB), or a noise floor decrease of 
0.1 ±  0.1 dB. This agrees well with the experimentally observed value of 0.15 ±  0.05 
dB. The theoretical error bars are bigger than the experimental ones because the









Figure 7.4: Feedback transfer results.
This figure shows the results of the green-green feedback transfer experiments, (a) shows 
the in-loop trace, showing regions of noise suppression and enhancement. At the frequency 
of interest, 21 MHz, the noise enhancement is 0.5 ±0.1 dB. (b) shows the out-of-loop trace, 
also showing regions of noise suppression and enhancement, but opposite to those of (a) 
in general: For the large region of suppression in (a) around 13 MHz, there is a region of 
noise enhancement in (b). More importantly, for the region of suppression in (a) at 21 
MHz, there is a region of suppression in the out-of-loop trace, the measured suppression 
being 0.15 ± 0.05 dB. This is the transfer of squeezing from the in-loop to the out-of-loop.
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theoretical value was calculated using a number of other experimental values, all 
with errors comparable to the feedback measurement itself. However, this does not 
detract from the validity of the comparison.
7.3.4 Cross-colour feedback experim ents
Here we give descriptions and results of the experiments performed to observe cross- 
colour feedback. As described in the introduction to this chapter, this is the process 
of using one output of the SHG to drive a feedback loop via an amplitude modula­
tor, and observing another output, usually of a different “colour” or frequency. The 
goal was to firstly see if there were any correlations between these two outputs, and 
secondly to see if these correlations could be used to reduce the noise of the observed 
beam further than it would have other wise been, thus increasing any squeezing on 
that beam.
Using the transmitted fundamental
Early in the course of the squeezing experiments attempts were made to see 
cross-colour feedback effects using the transmitted fundamental as the feedback 
source, which was easily accessible at the time, and observing the effects on the 
second harmonic beam, and vice versa, using the second harmonic as the source 
and observing the transmitted fundamental. (The reflected beam however was not 
accessible at this stage without a lot of work which was not undertaken until later.) 
The feedback was effected via an amplitude modulator placed before the crystal. 
At this stage of the experiments, the mode cleaner was not in operation and conse­
quently, there was considerable noise at lower frequency. As no squeezing was seen 
on the corresponding transmitted spectrum shown in Fig. 6.7, feedback effects im­
proving squeezing on the second harmonic were not very likely. Neither an increase 
in squeezing nor evidence of correlations was observed on the second harmonic. 
However, while using the second harmonic as the feedback source, classical corre­
lations between it and the transmitted fundamental were seen. These spectra are 
shown here as a record and for interest. Direct detection spectra of the transmitted 
fundamental (the out-of-loop in this case) are shown in Fig. 7.5a and b. Figure (a) 
curves (i) and (ii) show the recorded spectra for feedback on and off respectively. 
Figure (b) shows the difference between the two traces shown in figure (a). The 
region above the zero line indicates that the feedback trace is more noisy than the 
non-feedback trace, and vice versa for the region below the line. (This zero fine
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has nothing to do with the quantum limit.) Clearly there is a region where this 
trace falls below the zero line, indicating that feedback is reducing the amplitude 
noise. This is a reduction of classical noise on the transmitted fundamental as the 
result of feedback from correlated classical noise existing on the second harmonic 
in the same frequency region. Consequently, it was observed under the presence of 
negative feedback rather than positive as would have been expected for the transfer 
of squeezing. While this is not a quantum result, it does demonstrate the presence 
of correlations between two separate outputs of the SHG.
Using the reflected fundamental
After the mode cleaner enhanced squeezing experiments had been performed 
and a new experimental arrangement gave access to the reflected fundamental as 
discussed in section 6.5.4, correlation experiments were performed using this field 
and the second harmonic. Rather than using the amplitude modulator placed before 
the SHG as discussed in the case above, it was decided to first detect the correlations 
electronically by adding or subtracting signals, and then if they were significant, 
adding the amplitude modulator and performing the feedback experiment. For the 
observation of the correlations, this avoided the reduction in squeezing caused by the 
power loss from the modulator, and the extra noise which was often observed on the 
squeezing spectrum when the modulator was placed before the SHG. (The reason 
for this is unknown.) Fig. 7.6 shows the experimental arrangement for observing 
correlations between the second harmonic and the reflected fundamental. It is an 
adaption of the arrangement shown in Fig. 6.8. The output of the balanced detector 
for the reflected fundamental is fed through a variable attenuator and a variable 
delay line, and then added to the plus trace signal (but not the minus trace signal) 
of the balanced detector for the second harmonic. In this manner the signal from 
the reflected fundamental could be added to that of the plus signal from the SHG 
balanced detector with various levels of amplitude and a frequency dependent phase 
delay if so desired. No such addition was made to the minus signal which thus allowed 
it to be used as the quantum noise reference as in all the squeezing experiments 
performed.
Fig. 7.7 shows spectra for feedback on and off ((i) and (ii) respectively), (a) and 
(b) differing only in that the phase of the feedback in (b) was opposite to that in (a). 
Fig. 7.8a and b shows differences between the traces in Fig. 7.7a and b respectively. 
As before, the region above the zero line indicates that the feedback trace was more
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Figure 7.5: Transm itted (out-of-loop) spectra.
This figure shows transmitted spectra for feedback off and on, for the second harmonic 
being fed back to a frontal modulator before the crystal. The experiment was performed 
before the mode cleaner was used. No transfer of squeezing is observed, but a classical 
correlation is. (a) shows the transmitted spectra for feedback on and off, traces (i) and 
(ii) respectively, as slight effect is seen, (b) shows the difference between traces (i) and 
(ii) in (a). Clearly there is a region of noise decrease. This however, is not a transfer 
of squeezing, but a classical noise reduction, demonstrating the correlation between the 
transmitted fundamental and the second harmonic.
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Figure 7.6: Cross-colour correlation experiment.
Most components shown here are the same as those shown in Fig. 6.3. The differences 
are that a splitter has been placed in the output of the adder/subtractor of the balanced 
detector on the second harmonic. This allows some signal to be passed via a delay line, 
a variable attenuator and an amplifier to an adder placed in the reflected squeezing sig­
nal. Thus the signal from the second harmonic can be added to that from the reflected 
fundamental at any desired phase or attenuation, facilitating the search for correlations 
between the two.




Figure 7.7: Correlation spectra.
This figure shows the spectra of the correlation measurements taken between the reflected 
fundamental and the second harmonic. Trace (i) each figure is for feedback on, trace (ii) 
is for feedback off. (a) and (b) differ only in that they shows results for the opposite phase 
of feedback. The fact that there is a difference shows the presence of correlations.






Figure 7.8: Correlation difference traces.
This figure shows the difference traces between spectra taken with feedback on and off, 
for the case shown in Fig. 7.7, and also for a case of 5 dB less gain. Again, (a) and (b) 
differ only in that they shows results for the opposite phase of feedback. Although there 
clearly are correlations, these are insufficient to pull the trace of either below the zero line, 
in other words, cross-colour feedback would does not enhance the squeezing in our case.
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Figure 7.9: Correlation difference trace with time delay.
This figure shows a difference trace of spectra taken with feedback on and off but using a 
delay line in the feedback loop. This causes the phase to change as a function of frequency. 
The correlations are very clear.
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noisy than the non feedback trace, and vice versa for the region below the line. 
Clearly the difference between the effect for the two phases demonstrates that there 
are indeed correlations between the reflected fundamental and the second harmonic. 
However, regardless of the gain values chosen, no traces were found which went 
below the zero line. (As the traces shown in Fig. 7.8 are only examples, they do not 
show the results of the extensive search of the parameter space which was actually 
performed.) Thus the feedback traces obtained in these experiments were always 
more noisy than the non-feedback traces. This indicates that although correlations 
were present, they were not large enough to allow information from one beam to be 
used to subtract sufficient noise from the other to bring it below the quantum limit, 
or to perform cross colour feedback. Consequently, further experiments using the 
amplitude modulator to effect feedback were not performed.
To make these correlations even more clear, the same experiment was con­
ducted using a delay line in the feedback loop to cause a frequency dependent phase 
shift. Fig. 7.9 shows the resulting difference spectrum. The oscillation across the 
frequency range is direct result of the correlation causing a changing feedback effect, 
for changing phase.
7.4 D iscussion  and C onclusions
We have demonstrated in this chapter, that the electro-optic transfer of squeezing 
between two correlated squeezed beams works. Using the green-green experimen­
tal feedback configuration, we have observed 0.15 ±  0.05 dB of squeezing transfer 
to the out-of-loop beam. This agrees with the theoretical prediction of 0.1 ±  0.1 
dB. Other feedback schemes where this may have worked were also investigated, 
including cross-colour schemes involving feedback from the second harmonic onto 
the transmitted fundamental, and from the second harmonic to the reflected fun­
damental. Although these schemes did not produce squeezing transfer, correlations 
were observed between the reflected fundamental and the second harmonic. This 
indicates that with further work, cross-colour feedback is indeed possible.
A theory was developed to incorporate the effect of feedback using frontal 
modulation on an SHG squeezer. This encompasses the possibilities of performing 
feedback transfer between the second harmonic and either the transmitted or re­
flected fundamental from the SHG to enhance the squeezing on one of these beams 
(cross-colour feedback).
Further work includes green-green squeezing transfer experiments using a mod-
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ulator placed directly in the second harmonic beam. This would remove any effects 
on the feedback loop caused by the acoustic behaviour of the SHG crystal which 
is currently part of the feedback loop. It would also decrease the pump loss to 
the SHG crystal, thus maintaining higher squeezing levels. Obtaining more effi­
cient photodetectors for the in-loop field would definitely increase the amount of 
squeezing transfer observed, as inefficiency in the in-loop detector is one of the main 
reasons for the degradation of the operation of any such feedback loop, especially 
the squeezing transfer effect. Vacuum noise entering at the in-loop detector, adds 
uncorrelated noise to the entire system, masking effects which would otherwise be 
visible.
Theoretical areas of feedback to be investigated include adapting the cross- 
colour frontal modulation theory to encompass the green-green frontal modulation 
case as well. The simple feedback loop theory is an acceptable approximation for 
the case we have presented here because the gains of the feedback loop are very low, 
and hence the effects on the squeezing behaviour itself are very minimal. However, 
as feedback systems improve and the gains increase, the effect of the feedback loop 
on the linewidth of the SHG squeezing spectrum will prevent this approximation 
from being valid.
Also the theory necessary to model the cross-colour external modulation case 
must be developed. This is different to the frontal modulation case because the 
feedback loop does not affect the nature of the squeezing itself. This requires the 
implementation of the boundary conditions before the effect of feedback is incorpo­




The research that has been completed over the course of my PhD can be stated in 
three parts; we have systematically explored the behaviour of linear electro-optic 
feedback systems, we have developed and accurately modelled a second harmonic 
generation squeezing system, and lastly we have explored the possibilities of en­
hancing the squeezing produced using feedback techniques. These areas shall be 
discussed in turn.
8.1.1 Electro-optic feedback system s
The feedback loops that we have used involve information derived horn a photode­
tector being used to control the light beam incident on that detector. This system 
also employed a beam splitter placed before this detector, allowing light to be ex­
tracted from the feedback loop. The behaviour and characteristics of both the light 
and the photocurrents of each of the two resulting arms of this feedback loop, in-loop 
and out-of-loop, were explored both theoretically and experimentally.
We have demonstrated that:
1. Usable squeezed light cannot be generated from such an electro-optic feedback 
loop. An attempt to do so transfers excess noise from the in-loop photocurrent 
to the out-of-loop light, ensuring that it is always above the standard quantum 
limit.
2. Light which has excess noise can be made quieter, but not down to the stan­
dard quantum limit, as there is a noise penalty paid for using an electro-optic 
feedback loop. This is again the result of the transfer of uncorrelated noise
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from the in-loop field. The ultimate size of this penalty in the limit of high 
gain increases with the ratio of the out-of-loop to in-loop photocurrents.
3. The in-loop field cannot be used to perform any classical measurement with 
greater signal to noise ratio than if coherent light were used.
4. It is possible for the in-loop light to have sub-Poissonian statistics, but this 
is not directly observable except for using quantum non-demolition (QND) 
devices. In addition to this, the presence of a sub-Poissonian photocurrent 
from the in-loop detector does not directly imply that the in-loop light is sub- 
Poissonian. There are certain conditions of feedback loop gain and in-loop 
quantum efficiency for which the in-loop photocurrent will be sub-Poissonian, 
and the in-loop light will be super-Poissonian. This is due to the mixing of 
vacuum noise into the feedback loop via the losses in the in-loop photodetector.
5. The phase fluctuations of neither the in-loop nor out-of-loop light are af­
fected by the operation of the feedback loop. Thus if the in-loop field is 
sub-Poissonian, it violates the free field commutator normally associated with 
a squeezed field. Note that in the hypothetical situation where the in-loop de­
tector is replaced with a QND device that allows access to the squeezed field, 
this commutator is not violated due to the extra phase fluctuations imposed 
by the QND device.
6. When a feedback loop is used with an already squeezed source, it can transfer 
squeezing from the in-loop to the out-of-loop beam.
8.1.2 Second harmonic generation
We have designed and built a second harmonic generator (SHG) as a squeezed 
source, successfully implementing improvements including a mode cleaning cavity 
placed between the laser and the SHG to reduce the laser noise. In addition we 
have developed and tested a theory based on the cascaded formalism which has 
demonstrated excellent agreement with experiment.
The important findings of this work are:
1. The second harmonic generator produced up to 2.5 dB inferred squeezing on 
the second harmonic, and about 0.1 dB squeezing on the reflected fundamental.
2. The effectiveness of the mode cleaner was demonstrated by reducing the point 
at which the input light to the SHG was quantum noise limited from approxi-
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mately 50 MHz down to 7 MHz, and thus immediately improving the inferred 
squeezing from 0.74 ±  0.05 dB to 2.2 ±  0.1 dB.
3. The reliability of the squeezing system has been demonstrated as traces have 
been taken over continuous operation for up to 5 hours.
4. The effectiveness of the theoretical model has been demonstrated, by first 
fitting it to the experimental squeezing data for one particular set of conditions, 
namely that of the SHG squeezing spectrum without the mode cleaner, and 
then providing excellent fits to the following experimental data: the laser 
spectrum, the mode cleaner spectrum, the SHG squeezing spectrum for the 
case of the mode-cleaner, all these spectra being recorded at different power 
levels.
8.1.3 The interaction o f electro-optic feedback and SHG
We have successfully used electro-optic feedback to transfer squeezing between two 
correlated squeezed beams produced by a second harmonic generator. This involved 
using the two beams incident on the balanced detectors of the SHG experiment 
as the in- and out-of-loop beams of a feedback loop, the in-loop signal driving a 
modulator placed before the SHG crystal (green-green feedback). Other feedback 
schemes where this may have worked were also investigated.
The conclusions drawn from this work are:
1. Electro-optic transfer of squeezing works. We observed 0.15 ±  0.05 dB of 
squeezing transfer to the out-of-loop beam in the green-green feedback exper­
iment. This agrees with the theoretical prediction of 0.1 ±  0.1 dB.
2. A theory was developed to incorporate the effect of feedback using frontal mod­
ulation on an SHG squeezer. This demonstrated the possibilities of performing 
feedback transfer between the second harmonic and either the transmitted or 
reflected fundamental from the SHG to enhance the squeezing on one of these 
beams (cross-colour feedback).
3. Although cross-colour feedback was not demonstrated, correlations were seen 
between the reflected fundamental and the second harmonic, indicating that 
cross-colour feedback is indeed possible.
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8.2 G eneral conclusions
We have investigated the quantum optics of electro-optic feedback and second har­
monic generation squeezing systems. We have demonstrated that the combination of 
these two systems yields interesting and useful effects, with possibilities of enhancing 
the squeezing from non-linear systems using electro-optic feedback techniques.
8.3 Further work
Improvements to the operation of most areas of the SHG experiment are possible. 
With these, more squeezing should be accessible, allowing more electro-optic transfer 
of squeezing to be observed in the green-green experiment and cross-colour feedback 
to be observed. These improvements include:
1. Decreasing the linewidth of the mode cleaning cavity, making it an even better 
low-pass filter and thus reducing the input noise to the SHG even further. This 
would require lower loss and higher reflectance mirrors, better isolation of the 
mirror mounts, and acoustic isolation of the optical table.
2. Designing a new second harmonic generator of lower loss by decreasing the 
length of the crystal. This would not only improve the squeezing, but in­
crease the linewidth placing accessible squeezing regions beyond those of low 
frequency noise.
3. Green-green squeezing transfer experiments could be conducted where the 
modulator used is placed directly in the second harmonic beam. This re­
quires a low loss device, but would remove any effects on the feedback loop 
caused by the acoustic behaviour of the SHG crystal which is currently part 
of the feedback loop.
4. Obtaining more efficient photodetectors for the in-loop field, as this is one of 
the main reasons for the degradation of the squeezing transfer effect. Vacuum 
noise entering at the in-loop detector, adds uncorrelated noise to the entire 
system, masking effects which would otherwise be visible.
There are also some theoretical areas of feedback to be investigated. These 
include:
1. Adapting the cross-colour frontal modulation theory to encompass the green- 
green frontal modulation feedback case as well. At present the simple feedback
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loop theory is used to predict the effects seen in the green-green experiment. 
This is an acceptable approximation for the case we have presented because 
the gains of the feedback loop are very low. As feedback systems improve 
and gains increase however, the effect of the feedback loop on the linewidth of 
the SHG squeezing spectrum for the frontal modulation case will prevent this 
approximation from being valid.
2. Developing the theory necessary to model the cross-colour external modulation 
case. This is different to the frontal modulation case because the feedback loop 
does not affect the nature of the squeezing itself. This requires the boundary 
conditions to be included before the effect of feedback is incorporated, rather 
than incorporating the feedback at the beginning of the derivation.
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